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to  m y  p a re n ts
A b s tr a c t
C h a p te r  O n e d e s c r ib e s  th e  m e c h a n is m  o f a c id -c a ta ly s e d  
h y d ro g e n -e x c h a n g e  in  m e th y lp y r r o le s .  U s in g  b u ffe r  so lu tio n s  
i t  w a s  found  th a t th is  re a c t io n  is  s u b je c t to  g e n e ra l a c id  c a ta ly s is ,  
c o n f irm in g  an A - S ^ 2  m e c h a n is m . I t  w as  a ls o  found th a t the  
r a te  o f h y d ro g e n -e x c h a n g e  at the  p -p o s it io n  o f p y r r o le  w a s  s im i la r  
to  th a t  a t the o r-p o s itio n . T h is  s e e m s  to  c o n f l ic t  w ith  the kn o w n  
p re fe re n c e  fo r  a -s u b s t itu te d  p ro d u c ts  o b ta in e d  u n d e r  ’ s y n th e t ic ’ 
e x p e r im e n ta l c o n d it io n s . H o w e v e r ,  b o th  th e s e  fin d in g s  h a v e  been  
r a t io n a lis e d  in  te r m s  of th e  e le c tro n  d e n s it ie s  and th e  lo c a lis a t io n  
e n e rg ie s  p r e v a le n t  in  th e  p y r r o le  r in g .
T h e  m e c h a n is m  of th e  re a c t io n  b e tw e e n  4 -d im e th y la m in o -  
b e n za ld e h y d e  (D M A B ) and p y r r o le s  in  a c id  s o lu tio n  ( E h r l ic h 's  
R e a c tio n ) is  d e s c r ib e d  in  C h a p te r  T w o . T h is  c o n s is ts  o f a r a t e -  
d e te rm in in g  e le c t r o p h il ic  a t ta c k  o f O -p ro to n a te d  D M A B  on  
u n p ro to n a te d  p y r r o le  fo llo w e d  by a ra p id  lo s s  o f a w a te r  m o le c u le  
to  g ive  the  h ig h ly -c o lo u re d  co n ju g a te d  p ro d u c t . T h e  a c t iv a t in g  
e ffe c t  o f m e th y l g ro u p s  a t v a r io u s  p o s it io n s  on th e  p y r r o le  r in g  on  
th is  re a c t io n  w a s  a ls o  d e te rm in e d .
A c id -c a ta ly s e d  h y d ro g e n -e x c h a n g e  in  m e th y lth io p h e n s  is  
th e  s u b je c t o f C h a p te r  T h r e e .  In  c o n tra s t  to  the s itu a t io n  found  
in  p y r r o le s ,  the ra te  o f exchange at the  p -p o s it io n  o f th io p h e n  is  
m u c h  s lo w e r  th a n  a t the « -p o s it io n .  A n  e x p la n a tio n  fo r  th is  is  
found in  th e  d if fe re n c e  in  e le c t r o n  d e n s it ie s  found  in  the  tw o r in g  
s y s te m s . T h e  a c t iv a t in g  e ffe c t  of m e th y l g ro u p s  a t  v a r io u s  p o s itio n s
on the th io p h e n  r in g  on the  exchange re a c t io n  w a s  a ls o  s tu d ie d .
I t  w a s  found th a t th e s e  e ffe c ts  w e re  not a d d it iv e . T h e  a c t iv a t in g  
p a r a m e te r s  fo r  the  exch an g e re a c tio n s  at the « -  and P -p o s it io n s  
w e re  a ls o  c a lc u la te d  and d is c u s s e d .
In  C h a p te r  F o u r  th e  p r a c t ic a l  d if f ic u lt ie s  e n c o u n te re d  in  
the q u a n tita t iv e  d e te rm in a t io n  of th e  c l in ic a l ly  im p o r ta n t  p y r r o le s  
p o rp h o b ilin o g e n  and  c r y p to p y r r o le  a re  d is c u s s e d , A  s e r ie s  o f 
re a g e n ts  w e re  used  in  an  a tte m p t to  im p ro v e  on th e  p re s e n t  
c o lo u r im e t r ic  te s t  e m p lo y in g  D M A B . I t  w as  found  th a t the  
m e a s u re m e n t o f c r y p to p y r r o le  u n d e r  a c id ic  c o n d itio n s  is  s t r a ig h t ­
fo rw a rd  u s in g  D M A B , 2 , 4 , 6 -tr im e th o x y b e n z a ld e h y d e  (T M B )  o r  
2 , 4 -b is (d im e th y la m in o )b e n z a ld e h y d e  (B D M A B ) .  In  c o n tra s t  to  
th is  s itu a tio n , h o w e v e r , none o f the re a g e n ts  te s te d  gave a  
c o m p le te ly  s ta b le  c o lo u re d  s o lu tio n  w hen  re a c te d  w ith  aqueous  
p o rp h o b ilin o g e n  s o lu tio n s . A  te s t w as  d e v is e d , h o w e v e r , u s in g  
the B D M A B  re a g e n t in  a c id  s o lu tio n  w h ich  gave a c o lo u r , s ta b le  
fo r  up to  40  m in u te s , w hen re a c te d  w ith  te s t  p o rp h o b ilin o g e n  
s o lu tio n s .
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I  d e c la re  th a t th is  th e s is  is  m y  own c o m p o s it io n , th a t  
i t  is  b ased  on the  r e s u lts  o f e x p e r im e n ts  c a r r ie d  out b y  m e ,  
and th a t i t  h as  no t p re v io u s ly  b een  p re s e n te d  f o r  a H ig h e r  D e g r e e .
T h is  th e s is  d e s c r ib e s  r e s u lts  o f r e s e a r c h  c a r r ie d  out in  
th e  D e p a r tm e n t  o f C h e m is tr y  o f th e  U n ite d  C o lle g e  of S t, S a lv a to r  
and S t. L e o n a rd , U n iv e r s i ty  of S t. A n d re w s , u n d e r th e  s u p e rv is io n  
of D r .  A . R .  B u t le r ,  b e tw e e n  O c to b e r  1974 and June 1 9 7 7 .
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R e s o lu tio n  o f th e  U n iv e r s i t y  C o u r t  1 96 7 , N o . 1, and is  
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'T h e  w i ly  lu n a tic  is  lo s t  i f  th ro u g h  the  
n a r ro w e s t  c r a c k  he a llo w s  a sane eye to  
p e e r  in to  h is  lo c k e d  u n iv e rs e  and thus  
p ro fa n e  i t .  '
C o le t te , 'F r e e d o m ',  E a r th y  P a ra d is e  ( 19 6 6 ),
2, ed . R o b e r t  P h e lp s .
G e n e ra l in tro d u c tio n  to  p y r r o le  c h e m is t r y
The c h e m is t r y  o f p y r r o le s  is  r ic h  in  s u b s titu tio n  re a c tio n s  
w h ic h  can  r e a d i ly  be re c o g n is e d  to  in v o lv e  a tta c k  by an e le c t r o ­
p h ilic  re a g e n t. O n  the  o th e r  h and , l i t t le  is  kn o w n  of the  re a c tio n s  
of p y r r o le  w ith  ra d ic a ls  o r  w ith  n u c le o p h ilic  re a g e n ts . W ith  
re g a rd  to  e le c t ro p h il ic  s u b s titu tio n , h o w e v e r , a lth o u g h  the  g e n e ra l  
c h a ra c te r  of th e s e  re a c t io n s  is  u s u a lly  a p p a re n t, v e r y  fe w  d e ta ile d  
m e c h a n is t ic  s tu d ies  h a v e  b een  m a d e .
T h e  d is t in c t  p re fe re n c e  fo r  th e se  com pounds to  u n d erg o  
s u b s titu tio n  r a th e r  th an  a d d itio n  re a c tio n s  in d ic a te s  the  d e g re e  o f 
a r o m a t ic i ty  a s s o c ia te d  w ith  t h e ir  s tru c tu re ;  th is  a r o m a t ic i ty  
b e in g  a t tr ib u te d  to  th e  d e lo c a lis a t io n  in to  the r in g  o f th e  ' lo n e - p a i r ' 
e le c tro n s  on th e  n itro g e n  a to m . I t  should be n o te d , h o w e v e r , 
th a t D ie ls  “A ld e r  ad d u cts  have  b ee n  p o s tu la te d  as  p o s s ib le  
in te rm e d ia te s  in  som e o f t h e ir  re a c tio n s  ( 1 , 2 , 3 )  and th a t N -m e th y l  
p y r r o le  u n d e rg o e s  one such re a c t io n  w ith  d im e th y la c e to n e d ic a rb o x y la te  
(2 ) .  B o th  p y r r o le  and i ts  1 -p h e n y l d e r iv a t iv e  c an  a ls o  be re d u c e d
3by z in c  and a c e tic  a c id  to  y ie ld  th e  A  p y r r o l in e s .
A s  m e n tio n e d  a b o ve , th e  r e a c t iv i ty  of p y r r o le s  to w a rd s  
e le c t r o p h il ic  re a g e n ts  is  h igh  and in  th is  re s p e c t  th e y  a re  o ften  
c o m p a re d  w ith  p h e n o ls . T h is  r e a c t iv i ty  is  m o d if ie d  in  the  exp ec te d  
w a y  by s u b s titu e n ts  and , in  g e n e ra l the « -p o s it io n s  a re  m o re  
r e a c t iv e  th an  th e  p -p o s it io n s , but th e  d if fe re n c e  is  not so g re a t th a t  
i t  can n o t be o u tw e ig h e d  by e le c t r o n -  a t t ra c t in g  s u b s titu e n ts , A  fe w  
e x a m p le s  a r e  g iv e n  to  i l lu s t r a t e  th ese  p o in ts . H a lo g é n a tio n  of 
the p y r r o le  r in g  o c c u rs  v e r y  r e a d i ly  and in v a r ia b ly  le a d s  to  
p o ly  s u b s titu te d  p ro d u c ts , th e  t e t r  a -s u b s titu te d  p ro d u c t b e in g  th e
o n ly  e a s ily  is o la b le  p ro d u c t (4 , 5 , 6, 7 , 8 ) , E x te n s iv e  s tu d ies  o f 
the co u p lin g  a b i l i t ie s  o f p y r r o le s  w ith  a ra n g e  o f d ia z o n iu m  s a lts  
of w id e ly  d if fe r in g  e le c t r o p h il ic  a c t iv i t ie s  have  been  c a r r ie d  out by  
T re ib s  and F r i t z  (9) and B u t le r ,  S h ep h erd  and P o g o rz e le c  (6 8 ) .
T h e  p y r r o le s  in v o lv e d  v a r y  f r o m  h ig h ly  a c t iv a te d  a lk y l-s u b s t itu te d  
com pounds to  h ig h ly  d e a c tiv a te d  r in g  s y s te m s  c o n ta in in g  n i t r o -  and  
e s te r  g ro u p in g s . T h e  r e s u lts  f r o m  th e se  s tu d ies  c le a r ly  d e m o n s tra te  
th a t su b s titu e n ts  m o d ify  the p y r r o le  r in g  in  a w a y  th a t is  p re d ic ta b le  
in  te r m s  of t h e ir  e le c tro n  d o n atin g  o r  w ith d ra w in g  p r o p e r t ie s .
S tro n g ly  e le c t ro n -w ith d ra w in g  g roups a tta c h e d  to  an  « -p o s it io n  of 
th e  p y r r o le  r in g  can  r e v e r s e  th e  re la t iv e  r e a c t iv i t ie s  o f the  
re m a in in g  « -  and P -p o s it io n s . T h u s , n i t r a t io n  o f 2 - n i t r o p y r r o le  
le a d s  to th e  fo r m a t io n  o f 2 , 4 -  and  2 , 5 -d in i t r o p y r r o le  in  the r a t io  
4:1 (10 ) and n it r a t io n  o f 2 - f o r m y lp y r r o le  le a d s  to  e q u a l q u a n tit ie s  o f 
the  4 -  and 5 - n i t r o  p ro d u c ts  (1 1 ) ,
T h e  w e a k ly  a c id ic  p r o p e r t ie s  of p y r r o le s  a re  used  in  the  
p re p a ra t io n  of N -s u b s t itu te d  co m p o u n d s , g e n e ra lly  v ia  an  N - a lk a l i  
m e ta l s a lt .  T h e s e  a lk a l i  m e ta l  s a lts , p re p a re d  b y  re a c t io n  of 
p y r r o le  and a lk a l i  m e ta ls  in  l iq u id  a m m o n ia , can  be t re a te d  w ith  
a lk y l  h a lid e s , a c y l h a lid e s  o r  e th y l c h lo ro fo rm a te  to  y ie ld  the  
c o rre s p o n d in g  N - a l k y l ,  N - a c y l  o r  N - e s t e r  com p o u n d .
In  the c a se  o f n u c le o p h ilic  s u b s titu tio n  in  the  p y r r o le  r in g  v e r y  
l i t t l e  is  kn o w n  and in  th e  fe w  c a s e s  w h ic h  a p p e a r to  f a l l  in to  th is  
c a te g o ry  (a d d it io n  of b is u lp h ite  (1 2 ) and a tta c k  b y  h y d ro x y la m in e  
(13 ) ) the m e c h a n is m  is  s t i l l  in  d o u b t. T h e  s itu a tio n  as r e ^ r d s  
r a d ic a l  s u b s titu tio n  is  no c le a r e r ,  bu t i t  is  p ro p o s e d  th a t som e of 
the re a c t io n s  o f p y r r o le s  w ith  s u lp h u ry l c h lo r id e  in v o lv e  ra d ic a ls  (1 4 ) .
H 
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VI VII
P h e n y l r a d ic a ls  re a c t  w ith  1 -e th o x y c a rb o n y lp y r ro le  to  g ive  
1 -  e thoxyc a r  b o n y l-  2 -  p h e n y lp y r  ro l  e (1 5 ) .
B a s ic ity  o f p y r r o le s .  —
A s  a c id -c a ta ly s e d  e le c t ro p h il ic  s u b s titu tio n  in  p y r r o le s  is  the  
m a in  th e m e  of th is  th e s is  a s h o rt re s u m e e  of th e  e f fe c t  of a c id  on  
p y r r o le s  w i l l  be g iv e n . P y r r o le ,  l ik e  in d o le , show s u n u s u a l 
b e h a v io u r  w ith  re s p e c t to  p ro to n a tio n  in  th a t  i t  u n d e rg o e s  
e q u il ib r iu m  p ro to n a tio n  on c a rb o n  r a t h e r  th a n  on n itro g e n ; i t  has  
b een  p ro p o s e d  th a t no m o re  th a n  1% of the c o n ju g a te  a c id  o f p y r r o le  
can  be n itro g e n -p ro to n a te d  (1 6 ) .  R e c e n t w o rk  in d ic a te s  th a t  
p y r r o le  is  le s s  b a s ic  th a n  o r ig in a l ly  suggested  (1 7 ) ,  h a v in g  a pK ^  
v a lu e  o f - 3 . 8  (1 8 ) .  A s  in  e le c tro p h il ic  s u b s titu tio n , th e  p r e f e r r e d  
p o s it io n  o f p ro to n a tio n  is  th e  « -p o s it io n .  T h is  ca n  be ra t io n a lis e d  
in  te r m s  of the re s o n a n c e  o p p o rtu n it ie s  open to  the p ro to n a te d  
s p e c ie s . In  th e  c a s e  o f « -p ro to n a t io n , th re e  c o n tr ib u tin g  s tru c tu re s  
can  be w r i t te n  ( I , I I ,1 1 1 ) ,  F o r  p -p ro to n a t io n  o n ly  tw o  ( IV ,  V )  can  be 
set u p . S im i la r  s tru c tu re s  to  th e s e  can  be u s ed  to  e x p la in  the  
p re fe re n c e  o f « -  as  opposed to  (3-s u b s titu tio n  in  e le c t ro p h il ic  a tta c k  
since  th e  p re s u m e d  in te r m e d ia te s  in  e le c t ro p h il ic  s u b s titu tio n  
re s e m b le  the above  s p e c ie s .
T h e  e ffe c t o f m e th y l su b s titu en ts  in  th e  p y r r o le  r in g  is  r e a d i ly  
p re d ic ta b le .  A n  N - m e th y l  g roup  in c re a s e s  the  b a s ic ity  o f bo th  
« -  and p -p o s it io n s , th e  P -p o s it io n  b e in g  m o re  s tro n g ly  enhanced
due to  the g r e a te r  s ta b il is a t io n  o f th e  doub le  bonds by the m e th y l  
group  in  th e  p -  s t ru c tu re  ( V I ,  V I I ) .  T h e s e  s tru c tu re s  a ls o  h e lp  
e x p la in  th e  o b s e rv a tio n  th a t N - m e th y lp y r r o le  is  le s s  s e le c t iv e  
th a n  p y r r o le ,  w ith  re s p e c t to  the a -  and p -p o s it io n s , in  e le c t ro p h il ic  
s u b s titu tio n  re a c t io n s  (3 0 ) .
A  m e th y l g ro u p  in  an  « -p o s it io n  en hances  th e  b a s ic ity  of 
both  th e  o p p o s ite  « -p o s it io n  and th e  a d ja c e n t p -p o s it io n  w h e re a s  
a P -m e th y l  g roup  enhances the  b a s ic ity  of the a d ja c e n t « -p o s it io n .
T h e  b a s ic ity  of the c a rb o n  a to m  to  w h ic h  the  m e th y l g ro u p  is  
a tta c h e d  is  a lw a y s  re d u c e d . I t  is  th e re fo re  p re d ic ta b le  th a t  2 , 5 -  
d im e th y lp y r r o le  should  show a r e la t iv e ly  g r e a te r  d e g re e  of p -  
p ro to n a tio n  th an  p y r r o le  i t s e l f .  T h is  h as  b een  shown to be so 
(c a . 30% p -p ro to n a t io n )  by  o b s e rv in g  the n .m .  r .  s p e c tru m  of 2 , 5 -  
d im e th y lp y r r o le  in  s u lp h u ric  a c id  (1 8 ) .
I t  should  be n o te d , h o w e v e r , th a t  in  e le c t r o p h il ic  s u b s titu tio n  
i t  is  v e r y  u n l ik e ly  th a t th e s e  p y r r o le  c a tio n s  p la y  an y  a c tiv e  ro le  
in  the re a c t io n . N o t o n ly  a re  th e y  le s s  re a c t iv e  to w a rd s  e le c t r o ­
p h ilic  a tta c k  th a n  th e  n e u t r a l  s p e c ie s  but i t  is  a lso  v e r y  d i f f ic u l t  
to  fo rm u la te  any p la u s ib le  re a c t io n  m e c h a n is m  in v o lv in g  th e s e  
s p e c ie s , T re ib s  (9 , 1 9 ,2 0 )  has  p ro p o se d  a d is t in c t iv e  m e c h a n is m  
fo r  e le c t ro p h il ic  s u b s titu tio n  in c o rp o ra t in g  th e s e  c a tio n s  but S m ith  
(21 ) has a rg u e d  c o n v in c in g ly  a g a in s t th is  m e c h a n is m  and no su p p o rt 
fo r  i t  co m es  f r o m  the p re s e n t  s tudy . T h e  e ffe c t  o f p y r r o le  
p ro to n a tio n  in  a c id  s o lu tio n , h o w e v e r , m u s t be ta k e n  in to  acco u n t 
in  any d e ta ile d  m e c h a n is t ic  study o f e le c t ro p h il ic  s u b s titu tio n  as
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is  e v id e n t f r o m  the  re s u lts  in c o rp o ra te d  in  th is  th e s is .  A lth o u g h  
e s s e n t ia l ly  no N -p ro to n a t io n  o c c u rs  in  s o lu tio n , th is  m a y  not be  
the  case  in  c r y s ta l l in e  s a lts  (2 2 ) .
P o ly m e r is a t io n  o f p y r r o l e s . -
P o ly m e r is a t io n  o f p y r r o le s  in  a c id  s o lu tio n  is  a w id e ly  re p o r te d  
o c c u rre n c e  and ca n  c o m p lic a te  t h e ir  study u n d e r  such c o n d itio n s .
T h e  s itu a tio n  is  r a th e r  c o m p lic a te d  as can be seen  f r o m  t h e ir  
b e h a v io u r w ith  e th e r e a l h y d ro g e n  c h lo r id e .  P y r r o le  fo r m s  a 
t r i m e r  ( X l l l ) ,  2 -p h e n y l-  ( X IV ) ,  3 -m e t h y l-  (X V )  and som e 2 - a l k y l -
and 2 , 3 - d ia lk y lp y r r o le s  (X V l)  f o r m  d im e rs  (2 4 , 25 , 2 6 ), w h ile  som e, 
in c lu d in g  2, 4 - d im e th y l,  2 , 5 - d im e th y l and 2 , 3 , 4  - t r im e t h y lp y r r o le  
( 2 2 ,2 5 ,2 7 )  g ive  s im p le  h y d ro c h lo r id e  s a lts . P y r r o le s  w ith  both  
« -p o s it io n s  s u b s titu te d  do n o t p o ly m e r is e  (2 9 ) ,  T h e  ac c e p te d  
re a c t io n  m e c h a n is m  (S c h em e  1) (2 3 ) f o r  the fo r m a t io n  of p y r r o le  
t r i m e r  is  in fo r m a t iv e  in  th a t i t  shows th e  P -p ro to n a te d  c a tio n  of 
p y r r o le  to  be th e  m o re  p o w e r fu l e le c tro p h ile  and i t  is  th is  s p e c ie s  
w h ic h  a tta c k s  th e  n e u tr a l  p y r r o le  m o le c u le . I t  is  o bvious f r o m  th is  
m e c h a n is m  th a t  p o ly m e r is a t io n  can  o n ly  o c c u r w h e re  bo th  th e  f r e e  
b ase  and the c o n ju g a te  a c id  a r e  found to g e th e r  in  s o lu tio n . In  
w e a k ly  a c id ic  s o lu tio n  none o f th e  c o n ju g ate  a c id  is  found and in  
s tro n g ly  a c id ic  s o lu tio n  no f r e e  base  is  p re s e n t , th e r e fo r e  no  
p o ly m e r is a t io n  can  ta k e  p la c e .
T h e o r e t ic a l  s tu d ie s , -
M a n y  th e o r e t ic a l  s tu d ie s  h av e  been  c a r r ie d  out on the p y r r o le  
r in g  and i t  is  in te r e s t in g  to  c o m p a re  th e s e  th e o r e t ic a l  re s u lts  w ith
th e  e x p e r im e n ta l fa c ts  o u tlin e d  ab o v e . E a r ly  e le c tro n  d e n s ity  
c a lc u la t io n s  by L o n g u e t-H ig g in s  and C ou i son (31a) u s in g  the  
v a le n c y -b o n d  and m o le c u la r  o r b i ta l  m e th o d s  d e te rm in e d  th a t the  
T T -e le c tro n  d e n s ity  w a s  g r e a te r  at th e  « -p o s it io n  th a n  th e  p -p o s it io n  
but la t e r  w o rk  (3 2 , 33) in d ic a te d  th a t the  p -p o s it io n  h as  the g r e a te r  
n e t n e g a tiv e  c h a rg e . T h u s , a n y  p re d ic t io n  b a se d  s o le ly  on ground  
sta te  a to m ic  c h a rg e s  w o u ld  have  to  be th a t th e  p -p o s it io n  is  the m o re  
su s c e p tib le  to  e le c t r o p h il ic  a t ta c k . O n the o th e r  h an d , h o w e v e r , i t  
is  found th a t the  « -p ro to n a te d  c a tio n  is  the  m o re  s ta b le  o f the tw o  
p o s s ib le  p ro to n a te d  s p e c ie s  (3 2 (e ) ,  3 3 ). In  th e  m o s t re c e n t  o f th e s e  
stu d ies  P o l i t z e r  and W e in s te in  (33 ) have found i t  n e c e s s a ry  to  
in v o k e  o u t-o f -p la n e  b e n d in g  o f the h y d ro g e n  a to m s  a tta c h e d  to  the « -  
c a rb o n  and th e  n itro g e n  a to m s  to  account fo r  the p r e fe re n c e  o f « -  
s u b s titu tio n . U n d e r  th es e  c o n d itio n s  i t  is  found th a t a la r g e  n e t  
n e g a tiv e  c h a rg e  is  g e n e ra te d  at th e  « -c a r b o n  on th e  side o p p o s ite  
th a t o f the a tta c h e d  h y d ro g e n  a to m , and i t  is  to  th is  s ite  th a t an y  
a p p ro a c h in g  e le c tro p h ile  is  d ra w n . E x p e r im e n ta l ly  d e te rm in e d  
fo rc e  c o n s tan ts  f o r  the  above ben d in g  m o d e s  h a ve  b e e n  d e te rm in e d  
(34 ) and th e s e  c o n f ir m  th a t fo r  m o s t of the t im e  th e  N - H  and C - H  
bonds a re  b en t out o f th e  p la n e  of the r in g . T h e s e  id e a s  a re  in  
a g re e m e n t w ith  th e  w id e ly  h e ld  v ie w  th a t e le c t r o p h il ic  s u b s titu tio n  
re a c tio n s  p ro c e e d  via. a te t r a h e d r a l  c o m p le x , o r  'W h e la n d ' 
in te r m e d ia te .  O ne d ra w b a c k  of th is  w o rk  is  th a t i t  d id  not ta k e  
in to  acco u n t lo c a lis a t io n  e n e rg ie s . T h e s e  a r e ,  h o w e v e r , d is c u s s e d  
in  C h a p te r  3 o f the  p re s e n t  w o rk .
C h a p te r  1
A c id -c a ta ly s e d  h y d ro  g e n -e x c h a n g e  in  p y r r o le s
In tro d u c t io n , -
H y d ro g e n  exch an g e  is  th e  g e n e ra l t e r m  used  to  d e s c r ib e  
re a c tio n s  in  w h ic h  one is o to p e  o f h y d ro g e n  is  re p la c e d  by a n o th e r  
and is  the  s im p le s t  fo r m  o f e le c tro p h il ic  s u b s titu tio n . T h e  
exchange re a c t io n s  in c lu d e  d e u te ra t io n  and t r i t ia t io n  in  w h ic h  
h yd ro g e n  is  re p la c e d  by d e u te r iu m  and t r i t iu m ,  r e s p e c t iv e ly ,  and  
p ro to d e d e u te ra t io n  and p r o to d e t r i t ia t io n  in  w h ic h  d e u te r iu m  and  
t r i t iu m ,  re s p e c t iv e ly ,  a r e  re p la c e d  by h y d ro g e n ,
P ro to d e d e u te ra t io n  and p r o to d e tr i t ia t io n  h a v e  s e v e ra l  
d is t in c t  a d v an ta g e s  o v e r  o th e r  ty p e s  o f re a c tio n s  in  s tu d y in g  the  
m e c h a n is m  of e le c t r o p h il ic  a ro m a t ic  s u b s titu tio n . F i r s t l y ,  by a 
s u ita b le  c h o ic e  of s y n th e tic  m e th o d s , i t  is  p o s s ib le  to  ' la b e l ' one 
p o s it io n  o f a m o le c u le  and  study the  r e a c t iv i ty  a t th a t  p o s it io n  
i r r e s p e c t iv e  to  i ts  r e la t iv e  r e a c t iv i ty  w ith  re s p e c t to  th e  o th e r  
p o s itio n s  in  the m o le c u le .  F o r  e x a m p le , i t  is  p o s s ib le  to  d e te rm in e  
the ra te s  o f p r o to d e t r i t ia t io n  a c c u ra te ly  fo r  bo th  th e  3 -  and 4 -p o s it io n s  
in  to lu e n e  u s in g  3 -  and 4 - t r i t io t o lu e n e .  H o w e v e r , th e  study o f the  
r e la t iv e  r e a c t iv i t ie s  o f th e s e  tw o  p o s itio n s  in  a re a c t io n  such as  
h a lo g é n a tio n  is  d if f ic u lt  due to  p ro b le m s  in  m e a s u r in g  the  r e la t iv e ly  
s m a ll am o u n ts  of 3 - is o m e r  p ro d u c e d  in  the  r e a c t io n .
S e c o n d ly , i t  is  p o s s ib le  to  v a r y  th e  e x p e r im e n ta l c o n d itio n s  
w id e ly  f o r  exch an g e  re a c t io n s  to  g iv e  la r g e  ch an g es  in  th e  r e a c t iv i ty  
and th e r e fo r e  s e le c t iv i ty  o f th e  re a g e n t (a c id ) .  T h is  m a k e s  i t  p o s s ib le  
to  o b ta in  in fo rm a t io n  about the w a y  in  w h ic h  the e ffe c t  of a 
s u b s titu e n t, w h e th e r  a c t iv a t in g  o r  d e a c tiv a t in g , depends on the  
a c t iv i ty  of the  re a g e n t .
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F in a l ly ,  h y d ro g e n  exc h an g e , to  a f i r s t  a p p ro x im a tio n , is  
f r e e  o f s te r ic  e f fe c ts  w h ic h  m a k e s  i t  p a r t ic u la r ly  u s e fu l fo r  
studying  the  e ffe c ts  o f o r th o -s u b s t itu e n ts .
T w o  m e c h a n is m s  have  b e en  p ro p o s e d  fo r  h y d ro  g e n -e x c h a n g e  
in  a ro m a t ic  s y s te m s . T h e  f i r s t ,  d e s ig n a te d  A - S _ 2  (S ch em e 2 ), 
is  th a t m o s t c o m m o n ly  u s ed  to  e x p la in  e le c t r o p h il ic  a ro m a t ic  
s u b s titu tio n . I t  c o n s is ts  o f a b im o le c u la r  p ro c e s s  b e tw e e n  the a c id , 
H A , and the  a ro m a t ic  r in g , re s u lt in g  in  the fo r m a t io n  of a ‘W h e la n d ’ 
in te r m e d ia te ,  fo llo w e d  b y  lo s s  o f a p ro to n .
T h e  second m e c h a n is m  (S chem e 3) w as  f i r s t  p ro p o s e d  by  
G o ld  and S a tc h e ll (3 5 ) .  S teps 1 and 1' a r e  fa s t  and 2 and 2 ' a re  
r a te  d e te rm in in g ;  X X  and X X I I  a r e  o u t e r , o r  TT -c o m p le x e s , and X X I  
is  an  in n e r , o r  d -c o m p le x  ( ‘W h e la n d ’ in te rm e d ia te ) ;  and in  X X ,  X X I  
and X X I I  the  s p ec ie s  A~ h as  lo s t  its  a s s o c ia t io n  w ith  the  exch an g in g  
p ro to n . T h is  m e c h a n is m  is  d e s ig n a te d  A -  1,
T h e  fo r m a t io n  of a ‘W h e la n d ’ in te rm e d ia te  is  c o m m o n  to  both  
m e c h a n is m s  and good e v id e n c e  f o r  i ts  e x is te n c e  h as  b een  found u s in g  
n . m . r .  s tu d ies  w h ic h  have  show n the p re s e n c e  of a lip h a t ic  C H ^ -  
g ro u p s  (3 6 ) .
E v id e n c e  to  s u p p o rt a n  A -  1 m e c h a n is m  is  found in  the  
o b s e rv a tio n  by G o ld  and S a tc h e ll (35 ) th a t th e re  is  a l in e a r  r e la t io n ­
ship b e tw e e n  lo g  k  and - H q (th e  H a m m e tt  a c id ity  fu n c tio n ) f o r  the  
p ro to d e d e u te ra t io n  o f a n is o le , som e p h e n o ls , to lu e n e  and b en zen e  
and th is ,  a c c o rd in g  to  th e  Z u c k e r -H a m m e tt  h y p o th e s is  (3 7 ) ,  
in d ic a te s  th a t w a te r  can n o t be p re s e n t  in  the t r a n s it io n  stage (w h ic h
-f.w ou ld  be the c a s e  i f  H A  is  H ^O  ) .  I t  is  c la im e d , t h e r e fo r e ,  th a t
th is  o b s e rv a tio n  s u p p o rts  an  A - 1  m e c h a n is m  in  th a t A  h as  s e p a ra te d  
f r o m  th e  a ro m a t ic  s y s te m  b e fo re  th e  slow  s tep . T o  be used  as a 
r ig o ro u s  m e c h a n is t ic  c r i t e r io n ,  h o w e v e r , th e  s lo p es  o f th e s e  l in e s  
should be u n ity  w h ic h  is  n o t th e  c a s e . O th e r  w o r k e r s  (3 7 , 38 , 3 9 ), 
s tu d y in g  d if fe r e n t  re a c t io n s , h a v e  a ls o  found a l in e a r  re la t io n s h ip  
b e tw e e n  lo g  k  and b u t w ith  s lopes  d if fe r in g  f r o m  u n ity  and s ince  
the  Z u c k e r -H a m m e tt  h y p o th e s is  is  now open to  doubt (4 0 ) i t  c a n  no  
l o n g e r  be in v o k e d  in  o r d e r  to  r e je c t  an A -S  ^  m e c h a n is m .
One of th e  m a in  p ie c e s  o f e v id e n c e  in  s u p p o rt o f an  A - 8 ^ 2  
m e c h a n is m  fo r  h y d ro g e n  exch an g e is  the  d e te c tio n  of g e n e ra l a c id  
c a ta ly s is ,  f i r s t  re p o r te d  b y  K re s g e  and C h ia n g  (41 ) fo r  th e  p ro to d e -  
t r i t ia t io n  of 1 ,3 ,  5 -tr im e th o x y b e n z e n e  and ex ten d ed  by o th e r  w o rk e rs  
to  a z u le n e s  (4 2 ) ,  in d o le s  (43 ) and th io p h en s  (3 9 ) ,  T h e  re a c tio n  is  
c a ta ly s e d  b y  v a r io u s  A  s p e c ie s  p re s e n t, w h ic h  is  in c o n s is te n t w ith  
an  A -1  m e c h a n is m  and is  in  a g re e m e n t w ith  an A -S ^ 2  m e c h a n is m .
A lth o u g h  th e  above  e v id e n c e  is  s tro n g ly  in  s u p p o rt o f an  A -S ^ 2  
m e c h a n is m  fo r  h y d ro g e n  ex ch an g e , M e la n d e r  (44 ) has suggested  
th a t  th e re  m a y  be a change in  m e c h a n is m  f r o m  A -S ^ 2  to  A -1  
a c c o rd in g  to  the  s tre n g th  o f the a c id  m e d iu m  and the r e a c t iv i ty  
of th e  a ro m a t ic  p o s it io n  and G o ld  (45 ) has c o m e  to  a s im i la r  
c o n c lu s io n .
H y d ro g e n  exchange o c c u rs  at the  th re e  p o s s ib le  p o s itio n s  in  
the  p y r r o le  r in g ; a t th e  n itro g e n  and at bo th  the ol~  and ^ -p o s it io n s  
( 1 8 , 4 6 , 4 7 , 4 8 , 4 9 ) .  E a r ly  w o rk  b y  K o iz u m i and T ita n i (4 6) showed  
th a t  h y d ro g e n  exchange a t  the  n itro g e n  a to m  w as m u c h  fa s te r  th a n
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exchange a t e ith e r  c a rb o n  a to m s . H o w e v e r , M u ir  and W h it in g  (4 9) 
h ave  d e te rm in e d  th a t exchange a t the h e te ro a to m  to  be o n ly  1 0 - 2 0
t im e s  fa s te r  a t th a n  a t the  c a rb o n  a to m s . T h e  r e la t iv e  exchange
ra te  at th e  tw o  d i f fe r e n t  c a rb o n  a to m s  is  m o re  c o m p le x .
S c h w e tlic k  e t a l  (4 7 ) found th a t th e  r e la t iv e  exch an g e  ra te  fo r  th e  <%-
and (3-p o s it io n s  (o;/(3 ) to  be 2 .5  in  a m e th a n o l:w a te r :  s u lp h u ric  a c id
m ix tu r e ,  M u ir  and W h it in g  (49 ) found  th e  r a t io  to  be  about 1 in  an
a c e to n it r i l e :w a t e r :p e r c h lo r ic  a c id  m ix tu re  and B e a n  (4 8) d e te rm in e d
i t  to  be 1 .6  in  a d io x a n e ; w a te r -.a c e tic  a c id  m ix t u r e .  H o w e v e r ,
B e a n  (4 8) a ls o  found th a t in  a m o re  a c id ic  m e d iu m  c o n ta in in g  t r i f lu o r o -
a c e tic  a c id  h y d ro g e n  exchange at the p -  p o s it io n  w a s  f a s te r  th a n  a t th e
(Z -p o s itio n . A  s im i la r  re s u lt  w a s  a ls o  o b s e rv e d  b y  W h ip p le , C h ia n g
and H in m a n  (1 8 ) w ith  N -m e th y lp y r r o le  in  c o n c e n tra te d  s u lp h u ric  a c id ,
w h e re a s  in  a w e a k ly  a c id ic  s o lu tio n  they no ted  th a t exchange is  f a s te r
a t th e  « -p o s it io n .  B e a n  (4 8) h as  th e r e fo r e  p ro p o s e d  th a t w ith
in c re a s e d  a c id ity  th e  t r a n s it io n  s ta te  o c c u rs  e a r ly  and th u s  re s e m b le s
the n e u tra l  p y r r o le  m o le c u le , w h e re  i t  h as  b ee n  c a lc u la te d  ( see
g e n e ra l in tro d u c tio n ) th a t  th e r e  is  a g r e a te r  e le c tro n  d e n s ity  a t th e
(3-p o s it io n , r a th e r  th a n  i ts  c o n ju g a te  a c id . In  w e a k e r  a c id  th e
tr a n s it io n  s ta te  w o u ld  be la t e r  and th e r e fo r e  re s e m b le  the  c o n ju g a te
a c id , w h e re  i t  is  p re d ic te d  ( see  g e n e ra l in tro d u c tio n ) the  c o n ju g a te
a c id  fo rm e d  by « -p ro to n a t io n  w o u ld  be m o re  s tab le  th a n  th a t fo rm e d
by (3-p ro to n a t io n .
T h e  w o rk  by  M u i r  and W h it in g  (4 9) in  w h ic h  th e  a c t iv i ty  o f  
the w a te r  is  v a r ie d ,  show s th a t w a te r  m o le c u le s  a r e  a s s o c ia te d  w ith
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SCHEME A
i l
the t r a n s it io n  s tag e  and th e r e fo r e  in d ic a te s  an  A - S ^ 2  m e c h a n is m  
as opposed to  an  A - 1  m e c h a n is m  fo r  h y d ro g e n  exchang e in  
th e  p y r r o le  r in g .  T h e i r  m e c h a n is m s  fo r  C - H  exch an g e  and  
N - H  exchange a r e  g iv e n  in  S chem e 4 .
o*1 V o r ia l io n  o"f with b u f fe r  c o n cen tra tio n  
Qt co n s tan l pH fo r p r o to d e t r it ia t io n  o f 1,3,4- t r im e th y l-  2^5- 
di t r if  iopyrrole.
2*4
% 1-6
o
0 2 4 6 8 10 12 14 16 
[H l (lO^ M)
FIGURE 2 v a r ia t io n  of w ifh
hyrogen ion concenfration  fo r p ro to d e tr it ia tio n  
of 1 3^ j4 - t r im ethyl- 2 ,5 -d itr it io p y rro le .
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R e s u lts  and d is c u s s io n ,-
T h e  p re s e n t study in to  hydrog:en exchange in  p y r r o le s  
re p re s e n ts  an a tte m p t to  d e te c t g e n e ra l a c id  c a ta ly s is  fo r  th is  
re a c t io n  and th e re b y  p ro v in g  th a t i t  p ro c e e d s  by an A -S ^ 2  
m e c h a n is m . T h e  m e th o d  e m p lo y e d  w as  p r o to d e t r i t ia t io n  u s in g  
l iq u id  s c in t i l la t io n  c o u n tin g . T h e  p y r r o le s  u se d  w e re  1, 2 , 5 -  
t r im e t h y l -  and 1, 3 , 4 - t r im e t h y lp y r r o le .  S in ce  bo th  th e s e  p y r r o le s  
c o n ta in  o n ly  one ty p e  of r in g  p ro to n  the s y n th e s is  o f the  t r i t ia t e d  
sp e c ie s  w e re  s im p le  and th e  re s u lt in g  k in e t ic s  e a s i ly  in te r p r e te d .
T h e  b u ffe r  s o lu tio n  used  w a s  a p o ta s s iu m  d ih y d ro g e n  p h o s p h a te :s o d iu m  
h y d ro x id e  m ix t u r e .  A  b r ie f  s u m m a ry  o f th e  th e o ry  of a c id -b a s e  
c a ta ly s is  is  g iv e n  in  A p p e n d ix  1, the  e q u atio n  f o r  g e n e ra l ac id  
c a ta ly s is  b e ing
w h e re  k  , is  th e  m e a s u re d  r a te  c o n s ta n t, k  is  th e  u n c a ta ly s e d  obs o ^
r a te  co n s tan t and the te r m s  k ^ ^  and k ^ ^  a re  c a lle d  c a ta ly t ic  
c o e ff ic ie n ts .
T h e  re s u lts  o f p ro to d e t r i t ia t io n  of 1, 3, 4 - t r i m e t h y l - 2, 5 -  
d it r i t io p y r r o le  a re  g iv e n  in  T a b le s  1 and 2 and shown in  F ig u r e s  
1 and 2 ,
F r o m  F ig u r e  1 the v a lu e  o f k ^ ^  w as c a lc u la te d  to  be 
1 ,4 3  X 10 s M  , T h is  v a lu e  w as  used  fo r  th e  c a lc u la t io n s  in  
T a b le  2 .
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T a b le  1
V a r ia t io n  in  th e  r a te  of p r o to d e tr it ia t io n  o f 1, 3 , 4 - t r im e t h y l • 
2, 5 - d i t r i t io p y r r o le  w ith  b u f fe r  c o n c e n tra tio n  a t co n s ta n t pH
and a t 25*^C
[H A ] (M) pH
0 .0 3 3 7  6 .1 5 1  6 .5 5
0 .0 2 7 8  6 .1 5 4  5 .5 8
0 .0 2 2 5  6 .1 5 6  4 .8 4
0 .0 1 5 6  6 .1 5 8  3 .9 9
0 .0 0 8 8  6 .1 6 0  3 .0 5
T a b le  2
V a r ia t io n  in  th e  r a te  o f p r o to d e tr it ia t io n  o f 1, 3, 4 - t r im e t h y l■ 
2, 5 - d i t r i t io p y r r o le  w ith  p H  a t 2 5 °G
[H A ]
M ( s ' b
410 k  .obs
(s "^ ) ( s - i )
pH 10^-[ H + ]  
(M )
0 .0 2 6 2 3 .7 3 6 .0 9 ■ 2 .3 5 5 .8 9 1 2 .8
0 .0 2 2 5 3 .2 1 4 .  84 1 .6 0 6 .1 5 6 .9 8
0 .0 1 8 8 2 .6 8 3 .4 8 0 . 80 6 .3 3 4 .  68
0 .0 1 0 6 1 .5 1 1. 98 0 .4 7 6 , 69 2 .0 4
1. 94 X
F r o m  F ig u r e  2 th e  v a lu e  of w as  c a lc u la te d  to  be  
2 -1  -110 s M  and k  w as  found to be so s m a ll as to  be o
e s s e n t ia lly  z e r o .
o28
[HA] (10’M)
F JGWRE 3 V a r i a i  i o n  o f  k , , , j v v j t h  b u f f e r  c o n ­
c e n t r a t i o n  o t  c o n s t a n t  p H  f o r  p r o t o d e t r i t i a t i o n  o f  
1 j 2 , 5 - t r i m e t h y U  3  4 - d i 1 r i t i o p y r r o l o .
'16
- 1 4
40
F I O ^ R E  4  V a r i a t i o n  o f  w i t h  h y d o g o n  i o n  c o n c e n t r a t i o n
f o r  p r o t o d e t r i t i a t i o n  o f  1 ,2 ,5  - t r i m e t h y l -  3 ^ A - d i t r i t i o p y r r o l e
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The r e s u lts  o f p ro to d e t r i t ia t io n  o f 1 ,2 ,  5 - t r i m e t h y l - 3 , 4 -  
d it r i t io p y r r o le  a re  g iv e n  in  T a b le s  3 and 4 and shown in  F ig u r e s  
3 and 4 .
T a b le  3
V a r ia t io n  in  th e  r a te  o f p r o to d e t r i t ia t io n  o f 1 ,2 ,  5 - t r im e t h y l - 3 ,  4 -  
d i t r i t io p y r r o le  w ith  b u f fe r  c o n c e n tra tio n  a t c o n s ta n t pH  and a t 2 5 °C
- 1,[ H A ]  (M ) p H ’"obs (
0 .0 3 3 7 6 . 155 3 .6 3
0 .0 2 8 9 6 .1 6 3 3 .4 6
0 .0 2 2 5 6 . 163 3 .2 7
0 .0 1 5 6 6 . 147 3 .0 1
- 3F r o m  F ig u r e  3 th e  v a lu e  o f w as  c a lc u la te d  to  be 3 ,3 3  x  10 
- 1  - 1s M  . T h is  v a lu e  w a s  u se d  f o r  the  c a lc u la t io n s  in  T a b le  4 .
T a b le  4
V a r ia t io n  in  th e  r a te  o f p r o to d e tr it ia t io n  o f 1 ,2 ,  5 , -  t r i m e t h y l - 3, 4 -  
d i t r i t io p y r r o le  w ith  p H  a t 2 5 °C
[ H A ] 410 k  .. obs [H A ] )  pH 10^ [H ^ ]
(M ) ( = - ’ ) { ^  ) ( s - ’ ) (M )
0 .0 3 3 0 1 1 .0 14 . 8 1 3 .7 5 . 198 6 3 .4
0 .0 3 0 9 1 0 .3 9 .4 2 8 .3 9 5 .4 6 7 3 4 .1
0 .0 2 8 8 9 .6 3 6 .3 1 5 .3 5 5 .7 3 0 1 8 .6
0 .0 2 2 5 7 . 50 3 .2 7 2 .5 2 6 . 163 6 .8 7
0 .0 1 8 8 6 .2 7 2 .5 4 1 .9 1 6 .2 8 5 5 .1 9
2 - 1  - 1F r o m  F ig u r e  4 th e  v a lu e  o f w as  c a lc u la te d  to be 2 .0 8  x  10 s M  
and a g a in  k ^  w a s  fou n d  to  be e s s e n t ia l ly  z e r o .
energy ft -protona tion
«-position /3-position ot-position /j-position
tritia ted  pyrrole pyrrole
reaction co-ordinate
FIGURE 5
Energy profile for hydrogen* 
exchange in pyrrole
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T h e s e  r e s u lts  show th a t h y d ro g e n -e x c h a n g e  in  p y r r o le s  is  
s u b je c t to  g e n e ra l a c id  c a ta ly s is  and th e r e fo r e  c o n f irm  an  A -S ^ 2  
m e c h a n is m  fo r  th is  re a c t io n .
I t  is  e v id e n t f r o m  th e  p re v io u s  s tu d ies  in to  h y d ro g e n  exchange  
in  p y r r o le s ,  and a ls o  by  th e  p re s e n t w o rk , th a t th e  exchange ra te s  
at th e  o i -  and p -p o s it io n s  a r e  s im i la r  in  m a g n itu d e ; th e  r e la t iv e  
r a te ,  in  fa c t ,  ca n  be r e v e rs e d  by chang ing  th e  e x p e r im e n ta l  
c o n d it io n s . T h is  s e e m s  to c o n f lic t  w ith  th e  k n o w n  p re fe re n c e  fo r  
a -s u b s t itu te d  p ro d u c ts  f r o m  e le c t ro p h il ic  s u b s titu tio n  re a c t io n s .  
H o w e v e r , i t  should be n o ted  th a t the  e q u il ib r iu m  d is t r ib u t io n  o f th e  
in i t ia l  p y r r o le  re a c ta n t  and th e  a -  and (3-s u b s titu te d  p ro d u c ts  depends  
m a in ly  on th e  r e la t iv e  s ta b il i t ie s  o f th es e  s p e c ie s  and is  in d ep e n d en t  
of the k in e t ic s  o f th e  re a c t io n . T h u s , a lth o u g h  h yd ro g e n  exchange  
ta k e s  p la c e  m o re  r a p id ly  a t th e  h e te ro a to m  o f p y r r o le ,  in  any  
e q u il ib r iu m  m ix tu r e  of p y r r o le  in  a c id  the N -p ro to n a te d  fo r m  w i l l  
o n ly  account f o r  c a . 1% of the to ta l p ro to n a te d  p y r r o le ,  th e  r e m a in d e r  
b e in g  C -p ro to n a te d . T h is  is  b ec au se  the  r e la t iv e  s ta b il i t ie s  o f 
the th re e  p ro to n a te d  s p e c ie s  a r e  o ? -C -p ro to n a tio n  -C -p r o to n a t io n  
j> N -p r o to n a t io n .
T h e  e n e rg y  p r o f i le  fo r  h y d ro g e n -e x c h a n g e  in  p y r r o le  can  be  
d ra w n  as in  F ig u r e  5 , In  th is  re a c t io n  th e  s ta r t in g  m a t e r ia l  and  
p ro d u c t h a ve  e s s e n t ia l ly  th e  sam e ground s ta te  e n e rg y . T h e  fa c t  
th a t  th e  ra te s  o f h y d ro g e n -e x c h a n g e  at the tw o  p o s it io n s  a re  s im i la r  
m e a n s  th a t the a c t iv a t in g  e n e rg y  fo r  exchange a t th e  tw o  p o s itio n s  
m u s t a ls o  be e s s e n t ia l ly  th e  s a m e . I t  should be noted  th a t  in  the
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p r o to d e t r i t ia t io n  re a c t io n  c a r r ie d  out th e re  is  v i r t u a l ly  no chance  
of any b a c k -re a c t io n  b e in g  set u p . O nce the t r i t iu m  has been  
re p la c e d  in  the  re a c ta n t  i t  b e c o m e s  so d ilu te d  b y  p ro t iu m  ions  
th a t any  subsequent 'p ro to n a tio n ' of the  p y r r o le  m u s t be by a 
p ro t iu m  io n . T h e r e f o r e ,  a t an y  g iv en  t im e , th e  r a t io  o f th e  p ro d u c ts  
to  re a c ta n t  is  d ependent on the  k in e t ic s  o f the  re a c t io n  r a th e r  th a n  the  
th e rm o d y n a m ic  p r o p e r t ie s  o f the  s p e c ie s . T h is  is  in  c o n tra s t  to  the  
s itu a tio n  found w hen  a re a c t io n  is  c a r r ie d  out u n d e r  sy n th e tic  
c o n d itio n s .
In  th e  g e n e ra l in tro d u c t io n  i t  w as  n o ted  th a t th e  (3-p o s it io n  of 
p y r r o le  h as  the g r e a te r  n e t n e g a tiv e  c h a rg e  a s s o c ia te d  w ith  i t  and , 
th e r e fo r e ,  on th e  b a s is  o f th is ,  should be the  m o re  l ik e ly  p o s it io n  to  
u n d erg o  e le c t r o p h il ic  s u b s titu tio n . P o l i t z e r  and W e in s te in  (3 3 ) h ave  
show n, h o w e v e r , th a t by b e n d in g  the h y d ro g e n  a to m s  a tta c h e d  to  the  
« -c a r b o n  and n it ro g e n  a to m s  of the  r in g  an  e x te n s iv e  re g io n  o f n e g a tiv e  
c h a rg e  is  g e n e ra te d  in  th e  v ic in ity  o f th e  h e te ro a to m  and the  « -c a r b o n .  
A lth o u g h  the re g io n  s u rro u n d in g  the (3-c a rb o n  is  s t i l l  th e  m o re  e le c t r o ­
n e g a tiv e , P o l i t z e r  and W e in s te in  have  p ro p o se d  th a t any a p p ro a c h in g  
e le c tro p h ile  w ou ld  be p r e f e r e n t ia l ly  a t tra c te d  to  th e  e x te n s iv e  
n e g a t iv e ly  c h a rg e d  re g io n  s u rro u n d in g  th e  « -c a r b o n .  T h u s  the  
p re fe re n c e  f o r  « -s u b s t itu t io n  is  e x p la in e d . T h is  c o n c lu s io n  seem s  
p r e m a tu r e .  I t  a p p e a rs  m o re  l ik e ly  th a t any such r in g  d e fo rm a tio n  
w ould  o n ly  h e lp  o ffs e t th e  g r e a te r  e le c tro n e g a t iv ity  o f the (3-p o s it io n  
and th e r e fo r e  the ra te  o f a tta c k  a t both  p o s itio n s  m a y  be s im i la r .
In  the  c as e  of N - m e t h y lp y r r o le  i t  is  suggested  th a t , s in c e  th e  m e th y l
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group  is  m o re  d i f f ic u lt  to  m o v e  out of the p la n e  o f the  r in g , th is  
m o le c u le  w ou ld  be le s s  s e le c t iv e  th a n  p y r r o le  a s  re g a rd s  the  
p o s itio n  of e le c t r o p h il ic  a t ta c k . T h is  is ,  in  fa c t ,  found  
expe r  im e n t a l ly .
A  s im i la r  a rg u m e n t c a n  be ex ten d ed  to  in c lu d e  th e  p y r r o le s  
u sed  in  th is  s tu d y . F o r  1 ,2 ,  5 - t r im e t h y lp y r r o le  th e  ben d in g  o f the  
m e th y l g ro u p s  out o f the  r in g  p la n e  is  ev e n  m o r e  d i f f ic u l t  and  
th e re fo re  the r a t io  o f th e  ra te s  o f « -  to  (3 -  s u b s titu tio n  w ou ld  be 
s m a lle r  th a n  th e  sam e r a t io  f o r  p y r r o le .  T h is  is ,  o f c o u rs e , a 
h y p o th e tic a l a rg u m e n t in  th a t « -a t ta c k  on 1 ,2 ,  5 - t r im e t h y lp y r  ro le  
does n o t le a d  to  an y  n e w ly  s u b s titu te d  p ro d u c t. In  the case  of 
1, 3 , 4 - t r im e t h y lp y r r o le  the N -m e th y l  g roup  should  h ave  the sam e  
e ffe c t  as th a t in  N - m e t h y lp y r r o le .  T h e  (3 -  m e th y l g ro u p s , h o w e v e r ,  
w o u ld  c e r ta in ly  d im in is h  th e  ch a n ces  o f th e  p -p o s it io n  d e r iv in g  any  
a d d it io n a l in c re a s e  in  e le c t ro n e g a t iv ity  by o u t -o f -p la n e  b en d in g  of 
th e s e  g ro u p s . T h u s , r e la t iv e  to  u n s u b s titu te d  p y r r o le ,  i t  w o u ld  
be p re d ic te d  th a t th e  r a t io  o f th e  ra te s  o f « -  to  p -  s u b s titu tio n  w ou ld  
be g r e a te r  in  th is  co m p o u n d . I t  is  p re d ic te d , t h e r e fo r e ,  th a t th e  
r e la t iv e  ra te  o f « -h y d ro g e n  exchange in  1 , 3 , 4 - t r im e t h y lp y r r o le  to  
P -h y d ro g e n  exchange in  1 ,2 ,  5 - t r im e t h y lp y r r o le  w o u ld  be s im i la r  
to th e  r e la t iv e  r a te  o f « -  to  p -h y d ro g e n  exchange in  p y r r o le  i t s e l f .
T h is  w ou ld  suggest th a t the ra te s  o f exchange a t th e  tw o  p o s itio n s  
stud ied  in  th is  p re s e n t  w o rk  w o u ld  be s im i la r  in  m a g n itu d e , w h ic h  
is  found e x p e r im e n ta l ly .  T h e  above  a rg u m e n t, o f c o u rs e , a s s u m e s  
th a t th e  in d u c tiv e  e ffe c t  o f an « -m e th y l  group  on th e  a d ja c e n t p -p o s it io n  
is  the sam e  as th a t o f a p -m e th y l  g roup  on th e  c o rre s p o n d in g  « -p o s it io n .
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T h e  pK^ v a lu e s  o f th e  p y r r o le s  s tu d ied  m u s t now  be  
c o n s id e re d  s in ce  th e s e  m a y  be thought to  p la y  an  im p o r ta n t  ro le  
in  th e  r a te  o f h y d ro g e n  exc h a n g e . T h e  e q u il ib r iu m  co n stan t K  fo r  
any re a c t io n  ca n  be e x p re s s e d  as th e  r a t io  o f th e  ra te  of the  fo r w a r d  
re a c t io n  (k^) to th a t o f th e  b a c k w a rd  re a c t io n  (k  . S in ce  in  
h y d ro g e n  exchange the  v a lu e  of k^  ^ (p ro to n a tio n ) w o u ld  be ra te  
d e te rm in in g  the  v a lu e  o f th e  p K ^  m a y  r e f le c t  th is  r a t e .  U n fo r tu n a te ly ,  
h o w e v e r, th e  v a lu e s  o f k   ^ a r e  u n a v a ila b le  and th e r e fo r e  any  f u r th e r  
c o n s id e ra t io n  o f th is  to p ic  w ou ld  be p o in t le s s . T h e  e x p e r im e n ta l  
e v id e n c e , h o w e v e r , in d ic a te s  th a t th e  ra te  o f h y d ro g e n  exchange  
at any p o s it io n  in  the p y r r o le  r in g  is  in d ep e n d en t o f the  p K ^  of th a t  
p o s it io n . T h u s  fo r  p y r r o le ,  w h e re  the pK ^ v a lu e s  a r e  c a . -1 0  f o r  
N -p ro to n a t io n , - 5 , 9  fo r  P - C -p ro to n a t io n  and - 3 , 8  fo r  « - C -p ro to n a t io n ,  
the  p re v io u s  w o rk  on the ra te s  o f h y d ro g e n  exchange does not r e f le c t  
th is  la r g e  ra n g e  in  b a s ic ity .  S im i la r ly ,  th e  p re s e n t w o rk  on m e th y l-  
su b s titu te d  p y r r o le s  (w h e re  f o r  1, 2 , 5 - t r im e t h y lp y r  ro le  th e  p K ^  
v a lu e s  a re  - 0 .2 1  f o r  « - G -p ro to n a t io n  and - 0 .  10 fo r  P -C -p r o to n a t io n  
and fo r  1, 3, 4 - t r im e t h y lp y r r o le  the  v a lu e s  a r e  1 .4  fo r  « - G -  
p ro to n a tio n  and - 4 . 6  fo r  p -G > p fro to n a tio n ) in d ic a te s  th a t ra te s  o f  
h y d ro g e n  exchange a r e  in d ep en d en t of the  p K ^  v a lu e s .
A  s im i la r  a rg u m e n t to  th a t f o r  h y d ro g e n  exchange can  be  
exten d ed  to  the re a c t io n  o f p y r r o le s  w ith  E h r l ic h 's  a ld eh y d e  (se e  
C h a p te r  2) in  a c id  s o lu tio n . F o r  2, 5 - d im e th y l-  and 1 ,2 ,  5 - t r im e t h y l ­
p y r  ro le  th e  re a c tio n  m u s t ta k e  p la c e  a t th e  p -p o s it io n . T h e s e  
re a c tio n s  a re  v e r y  fa s t ,  h o w e v e r , and w e re  fo llo w e d  u s in g  the  
sam e s to p p e d -flo w  t im e  s ca le  as the o th e r  p y r r o le s  (w h e re  
« - s u b s titu tio n  p re d o m in a te s ) and in d eed  th e  r a te  (se e  T a b le  6 in
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C h a p te r  2) o f r e a c t io n  f o r  1, 2 , 5 - t r im e t h y lp y r r o le  is  o n ly  
s lig h tly  le s s  th a n  th a t  fo r  1, 2 - d im e th y lp y r r o le .
I t  should a ls o  be noted  th a t fo r  bo th  th e s e  p y r r o le s  th e re  
is  a s u b s ta n tia l b a c k - r e a c t io n .  B oth  th e s e  f in d in g s  a re  in  
a g re e m e n t w ith  w h a t has b ee n  w r it te n  above fo r  h y d ro g e n  
exchange re a c t io n s  in  p y r r o le s .
I t  h as  been  e s ta b lis h e d  th a t e le c t ro p h il ic  s u b s titu tio n  
( in c lu d in g  h y d ro g e n  exch an g e) can  ta k e  p la c e  at a lk y l g ro u p s a tta c h e d  
to  a ro m a t ic  s y s te m s  (5 0 , 51 , 5 2 , 5 3 , 5 4 ,5 5 , 5 6 ) .  T h is  w i l l  be  
d is c u s s e d  m o re  fu l ly  in  C h a p te r  3 . I t  seem ed  p e r t in e n t ,  th e r e fo r e ,  
to d e te rm in e  w h e th e r  o r  n o t h y d ro g e n  exchange o c c u rs  a t th e  m e th y l  
groups a tta c h e d  to  p o ly m e th y l p y r r o le s .  Should i t  o c c u r , th is  cou ld  
e x p la in  w hy 2 , 3 , 4 ,  5 - t e t r a m e t h y lp y r r o le  re a c ts  w ith  e le c tro p h ile s  
such as 4 -d im e th y la m in o b e n z a ld e h y d e  (57 ) (see  C h a p te r  2) and  
d ia z o n iu m  s a lts  (5 7 ) .  T h e  p y r r o le s  used in  th is  study w e re  2 , 3 , 4 , 5 -  
te t r a m e th y lp y r r o le ,  2 , 5 -d im e th y lp y r r o le  and 2 - m e th y lp y r r o le  and  
th e  e x p e r im e n ta l m e th o d  e m p lo y e d  w as  to d is s o lv e  the  p y r r o le s  in  
d e u te r io t r i f lu o r o a c e t ic  a c id  and to  study any changes in  t h e ir  
n .m .  r .  s p e c tra  as a fu n c tio n  of t im e .  A n  in te r n a l  s ta n d a rd  o f 
m e th y le n e  c h lo r id e  w as  in c o rp o ra te d  in  th e  n .m .  r .  s a m p le s  and  
the in te g r a l  v a lu e s  o f th e  m e th y l g roup  peaks  w e re  c o m p a re d  w ith  
th is  s ta n d a rd . U n d e r  th e s e  c o n d itio n s  any h yd ro g e n  a to m s  a tta c h e d  
d ir e c t ly  to  th e  r in g  had  exch an g ed  b e fo re  the f i r s t  s p e c tra  cou ld  
be ru n .
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F o r  t e t r a m e th y lp y r r o le  th e  s p e c tra  o b ta in e d  w e re  e x a c tly  
the sam e as th e  s p e c tru m  in  s u lp h u ric  a c id  o b ta in e d  b y  C h ia n g  
and W h ip p le  (5 8 ) , in d ic a t in g  th a t 2 -p ro to n a t io n  had  o c c u r re d . O v e r  
a p e r io d  of 4 h o u rs  i t  w as  found th a t th e  in te g r a l  v a lu e s  o f the  
m e th y l g ro u p  p e a k s  had not v a r ie d  in d ic a tin g  th a t  no exchange  
had o c c u rre d  in  th e s e  g ro u p s . A g a in  th e  s e r ie s  o f s p e c tra  o b ta in e d  
fo r  2 , 5 -d im e th y lp y r r o le  w e re  s im i la r  to  th a t o b ta in e d  by C h ia n g  
and W h ip p le  (5 8 ) , in d ic a t in g  in  th is  case  th a t both  2 -  and 3 -  
p ro to n a tio n  had o c c u r r e d . N o  h y d ro g e n  exchange had o c c u r re d  a t  
th e  m e th y l g ro u p s  a f te r  a p e r io d  o f 4 h o u rs . In  the  case  of 2 - m e t h y l ­
p y r r o le ,  w hen  the  t r i f lu o r o a c e t ic  a c id  w as  added to  the  p y r r o le  a 
r a th e r  v io le n t  re a c t io n  o c c u rre d  and th e  re s u lt in g  s p e c tru m  show ed  
a la r g e  n u m b e r  o f i l l - d e f in e d  p eaks  w h ic h  cou ld  not be acco u n ted  f o r .  
T h e  e x p e r im e n t  w a s  re p e a te d  but th e  s p e c tru m  o b ta in ed  w as  no m o re  
e a s ily  e x p la in e d . T h is  is  in  c o n tra s t  to  th e  r e s u lt  o b ta in e d  by C h ia n g  
and W h ip p le  (5 8 ) w h e re  th e y  o b ta in e d  a s p e c tru m  show ing  
p ro to n a tio n  to  h a v e  ta k e n  p la c e  a t the  5 -p o s it io n . P o ly m e r is a t io n  o f 
th e  p y r r o le  m a y  be th e  cau se  o f the  re s u lt  o b ta in e d  in  t r i f lu o r o a c e t ic  
a c id  but i t  is  d i f f ic u lt  to  see w h y  a s im i la r  r e s u lt  w o u ld  no t be  
found in  s u lp h u ric  a c id .
In  an a d d it io n a l e x p e r im e n t on 2 , 3 , 4 ,  5 - t e t r a m e t h y lp y r r o le  th e
13 C n .m ,  r .  s p e c tru m  in  c h lo ro fo rm  w as ta k e n . I t  is  kn o w n  (59 )
13th a t the  C n .m .  r .  s p e c tra  o f su b s titu te d  p y r r o le s  show th a t the  
13p y r r o le  r in g  C c h e m ic a l s h ifts  fo llo w  a d d it iv ity ,  d epend ing  on  
the n a tu re  o f th e  s u b s titu e n ts  and in te ra c t io n s  b e tw e e n  th e m . I t
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w as thought p o s s ib le  th a t th e  fo u r  m e th y l g roups in  te t r a m e th y l­
p y r r o le  m a y  set up  such s te r ic  in te ra c t io n s  th a t th e  p y r r o le  r in g
w ould  be d is to r te d  f r o m  its  p la n a r  c o n fig u ra t io n  and th e r e fo r e  
13th e  r in g  C c h e m ic a l s h ifts  w o u ld  not fo llo w  th e  p a tte rn  o u tlin e d
a b o v e . I f  such a d is to r t io n  d id  o c c u r i t  m a y  h e lp  e x p la in  th e
13r e a c t iv i ty  o f th is  c o m p o u n d . T h e  th e o r e t ic a l r in g  C c h e m ic a l
s h ifts  c a lc u la te d  u s in g  th e  m eth o d  above (59) a re  as  fo llo w s .
F o r  the « -c a r b o n  -  e f fe c t  o f m e th y l g roups on c h e m ic a l s h ifts
1 1 7 .3  (th e  c h e m ic a l s h ift  o f th e  « -c a r b o n  in  
u n s u b s titu te d  p y r r o le )
+ 1 0 .8  ( 2 -m e th y l su b s titu en t)
+ ( - 2 .  1) ( 5 - m e th y l s u b s titu e n t)
+ ( - 2 . 4 )  ( 3 -m e th y l s u b s titu e n t)
+ ( - 0 .9 )  ( 4 -m e th y l su b stitu en t)
= 1 2 2 ,7  p . p . m .
e ffe c t  of m e th y l g ro u p  in te ra c t io n s
1 2 2 .7  + ( - 0 . 7 )  ( 2 - m e t h y l : 3 -m e th y l  group
in te ra c t io n )
+ 0 .2  ( 4 -m e th y l:5 -m e th y l  g ro u p  in te ra c t io n )
+ ( - 0 .  1) ( 3 -  m e th y l: 4 -  m e th y l groqp in te ra c t io n )  
= 1 2 2 .1  p . p . m .
F o r  the P -c a rb o n  -  e ffe c t  o f m e th y l groups on c h e m ic a l s h ifts
1 0 7 .6  (th e  c h e m ic a l s h ift o f the  (3-c a rb o n  in  
un su b s titu ted  p y r r o le )
+ ( - 1 .2 )  (2 -m e th y l  su b s titu en t)
+ 1 .1  ( 5 -m e th y l  su b s titu en t)
+ 1 2 .7  ( 3 -m e th y l su b s titu en t)
+ 1 .1  ( 4 -m e th y l  su b s titu en t)
= 1 2 1 .3  p . p .m .
'N 'H
+  H (i<v  % N |M e l ------- ■ I
:N  
"  0 ^
N(Me)j
XXViil XXIX XXX
-H 4-
H
y ^ c H = =S(Mel
-H & 0 'H
H C H-4* IOH.
N(Me),
XXXII XXXI
H
CH= 
XXXlll
=N(Me),
SCHEME 5
22
e ffe c t  of m e th y l group in te ra c t io n s
1 2 1 ,3  + ( - 3 . 8 )  ( 2 -m e t l iy l :3 -m e th y l  g roup
in te ra c t io n )
+ ( - 0 ,  1) ( 4 -m e th y l;5 -m e th y l  g ro u p  in te ra c t io n )
+ ( - 2 . 8 )  (3 -m e th y l ;4 -m e th y l  g ro u p  in te ra c t io n )
= 114 . 6 p . p . m .
T h e s e  th e o r e t ic a l ly  c a lc u la te d  v a lu e s  of 1 2 2 .1  p . p . m .  and  
114. 6 p . p . m .  c o m p a re  fa v o u ra b ly  w ith  th e  c o rre s p o n d in g  e x p e r im e n ta l  
v a lu e s  o f 1 2 0 .7  p . p . m .  and 1 1 3 . 8 p .p .  m . r e la t iv e  to  a T M S  r e fe r e n c e .
T h e  n . m . r .  r e s u lts  w o u ld  th e r e fo r e  suggest th a t
e le c tro p h il ic  s u b s titu tio n  does not o c c u r  a t m e th y l g ro u p s  a tta c h e d
13to the  p y r r o le  r in g  and the  C n . m . r .  e x p e r im e n t in d ic a te s  th a t  
th e re  a re  no u n u su a l s t r u c tu r a l  fe a tu re s  a s s o c ia te d  w ith  t e t r a m e t h y l ­
p y r r o le  to  acco u n t f o r  i t  u n d e rg o in g  e le c t ro p h il ic  s u b s titu tio n  
re a c t io n s . T re ib s  et a l (6 0 ) h a ve  p ro p o s e d  th a t the r e a c t io n  b e tw e e n  
te t r a m e th y lp y r r o le  and 4 -d im e th y la m in o b e n z a ld e h y d e  p ro c e e d s  w ith  
lo s s  o f a m e th y l g ro u p  as  m e th a n o l ( in  an an a logous p ro c e s s  to  the  
lo s s  o f w a te r  a t an  un su b s titu te d  p o s itio n  (S ch em e 5) ) .  T h e  la s t  
p a r t  o f th is  s c h e m e , h o w e v e r , in v o lv e s  th e  lo s s  o f a p ro to n  and i t  
is  d if f ic u lt  to  see how a m e th y l g ro u p  can  be lo s t  in  a s im i la r  
p ro c e s s . T o  c o n f irm  a m e c h a n is m  in  w h ich  a m e th y l group is  
lo s t ,  th e  p ro d u c ts  f r o m  th e  re a c t io n s  b e tw e e n  2 , 3 , 4 ,  5 - t e t r a m e t h y l ­
p y r r o le  and 2 , 3 , 4 - t r im e t h y lp y r r o le  w ith  4 -d im e th y la m in o b e n z a ld e h y d e  
w ould  have  to  be p re p a re d  and c o m p a re d . T h is  re p re s e n ts  a 
c h a lle n g in g  p ie c e  o f s y n th e tic  c h e m is try  as th e  p ro d u c ts  f r o m  th e s e  
re a c tio n s  p ro v e  e x t r e m e ly  d i f f ic u lt  to  p u r i fy  and c h a r a c te r is e  (s e e  
C h a p te r  2 ) .
23
E x p e r im e n ta l ,  -  
M a t e r ia ls .  -
2 , 5 ~ D im e th y lp y r r o le  w as  p u rc h a s e d  and 1, 2, 5 - t r im e t h y l ­
p y r r o le  w as  p re p a re d  f r o m  th is  u s in g  th e  m e th o d  f o r  N -m é th y la t io n  
d e s c r ib e d  b y  H in m a n  and T h e o d o ro p u lo s  (6 1 ) . 1, 3, 4 - T r i m e t h y l ­
p y r r o le  (6 1 ) and 2 , 3, 4 , 5 - te t r a m e th y lp y r r o le  (6 2 ) w e re  p re p a re d  
u s in g  l i t e r a t u r e  m e th o d s . T h e  b u ffe r  s o lu tio n  used  w as  th a t  
d e s c r ib e d  b y  R o b in s o n  and S to kes  (53 ) u s in g  A R p o ta s s iu m  d ih y d ro g e n  
phosphate and A R  s o d iu m  h y d ro x id e , D e u te r io t r i f lu o r o a c e t ic  a c id  
w as o b ta in e d  b y  re a c t io n  of t r i f lu o r o a c e t ic  a n h y d r id e  w ith  d e u te r iu m  
o x id e .
2, 5 - D im e t h y l - ,  1 ,2 ,  5 - t r im e t h y l -  and 1, 3 , 4 - t r im e t h y lp y r r o le  
w e re  v a c u u m  d is t i l le d  and 2, 3 ,4 ,  5 - te t r a m e t h y lp y r r o le  w as  
r e c y r  s ta ll is e d  re p e a te d ly  f r o m  h e x an e  to  c o n s ta n t m e lt in g  p o in t p r io r  
to  u s e .
T r it io d e p ro to n a t io n  o f p y r r o l e s . -
T h e  a p p ro p r ia te  p y r r o le  ( 0 .5  g) w as  added to  a m ix tu r e  of 
49%  s u lp h u ric  a c id  ( l  m l)  and t r i t ia t e d  w a te r  (1 m l;  50 m C /  m l)  and  
s t ir r e d  f o r  1 h o u r . T h e  r e s u lta n t  s o lu tio n  w a s  added to an e x c e s s  
of 0 .5  M  so d iu m  h y d ro x id e  and e x tra c te d  w ith  e th e r  (50  m l ) .  T h e  
e th e r  e x tra c ts  w e re  w a sh ed  w ith  d is t i l le d  w a te r  (2 x  25 m l) ,  d r ie d  
(M gS O ^) and e v a p o ra te d  to g ive  th e  t r i t ia t e d  p y r r o le .
T h e  t r i t ia t e d  p y r r o le s  w e re  v ac u u m  d is t i l le d  b e fo re  b e in g  
used  fo r  the k in e t ic  s tu d ie s .
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K in e t ic s ,  -
A n  aqueous s o lu tio n  o f the re q u ire d  p y r r o le  w a s  p re p a re d  
by add ing  a d ro p  o f th e  t r i t ia t e d  p y r r o le  to  100 m l  of d is t i l le d  
w a te r ,  s t i r r in g  fo r  ^ h o u r  and f i l t e r in g  th e  s o lu tio n  th ro u g h  phase  
s e p a ra tin g  p a p e r  to  re m o v e  any  u n d is s o lv e d  p y r r o le .  10 m l of 
the aqueous s o lu tio n  w as  added  to  a 50 m l v o lu m e tr ic  f la s k  and  
to th is  w as  added the n e c e s s a ry  b u ffe r  s o lu tio n  to  g ive  th e  re q u ire d  
b u ffe r  a n d /o r  a c id  c o n c e n tra t io n . T h e  io n ic  s tre n g th  o f th is  
s o lu tio n  w a s  k e p t c o n s ta n t a t 0 ,5 3  M  by adding  c a lc u la te d  q u a n tit ie s  
of A R  p o ta s s iu m  c h lo r id e .  T h e  f la s k  w as  s to p p e re d  and  
th e rm o s ta tte d  in  a w a te r  b a th  , A  1 m l a liq u o t o f th e  re a c t io n  
m ix tu r e  w a s  ta k e n  and added to  an e x c e s s  of 0 .2  M  s o d iu m  
h y d ro x id e . T h is  w a s  e x tra c te d  w ith  10 m l  o f a to lu e n e  b as ed  
s c in t i l la t io n  s o lu tio n , th e  o rg a n ic  la y e r  s e p a ra te d , w a sh e d  w ith  
d is t i l le d  w a te r  (25  m l)  and d r ie d  o v e r  m a g n e s iu m  s u lp h a te . A  5 m l  
a liq u o t w as  ta k e n  and counted  u s in g  a B e c k m a n  L S I 00 C o u n te r ,  
S im i la r ly ,  fu r t h e r  1 m l a liq u o ts  w e re  ta k e n  f r o m  th e  re a c tio n  
m ix tu r e  a t c o n v e n ie n t t im e  in t e r v a ls ,  and p re p a re d  f o r  c o u n tin g  
as b e fo re . T h e  e r r o r  in  th e  c o u n tin g  s y s te m  w as p r e - s e t  a t 2% .
T h e  pH s o f th e  re a c t io n  m ix tu r e s  w e re  m e a s u re d  u s in g  a 
B e c k m a n  R e s e a rc h  p H  M e t e r  and g la s s  and c a lo m e l e le c tro d e s .
A s  a ch e ck  to  e n s u re  th a t no d e c o m p o s itio n  of the p y r r o le  
so lu tio n  had ta k e n  p la c e  d u r in g  each  k in e t ic  ru n , a  1 m l  a liq u o t  
of each  s o lu tio n  w a s  re a c te d  w ith  1 m l of 0 .2 5  M  4 -d im e th y la m in o ­
b e n za ld e h y d e  s o lu tio n  (se e  C h a p te r  2) b e fo re  and a f te r  each k in e t ic
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ru n . T h e  o p tic a l d e n s it ie s  of th e  re s u lt in g  c o lo u re d  so lu tio n s  
w e re  the  sam e in d ic a t in g  th a t  no d e c o m p o s itio n  had taken  p la c e .
T h e  r a te  c o n s ta n ts  w e re  c a lc u la te d  by the  m e th o d  of 
S w in b o u rn e  (6 5 ) and K e z d y  (64 ) (se e  A p p e n d ix  2 ) .
N . m . r .  s tu d ie s . -
A  m ix tu r e  of th e  p y r r o le  and m e th y le n e  c h lo r id e  as in te r n a l
s ta n d a rd  (ro u g h ly  50 :5 0 ) w a s  p re p a re d  and i ts  n . m r .  in  C D C l^
w as ta k e n  w ith  an  in te r n a l  r e fe re n c e  o f T M S . T h e  in te g r a l  r a t io
of th e  m e th y le n e  c h lo r id e  re s o n a n c e  w ith  re s p e c t  to  th a t o f the
m e th y l g ro u p (s ) o f th e  p y r r o le  w as  m e a s u re d . A  s e r ie s  o f s p e c tra
of th e  sam e p y r r o le /m e th y le n e  c h lo r id e  m ix tu r e  w e re  ta k e n  in
d e u te r io t r i f lu o r o a c e t ic  a c id  as a fu n c tio n  o f t im e  and any d e c re a s e
in  the  in te g r a l  v a lu e  of th e  m e th y l g ro u p (s ) a tta c h e d  to  th e  p y r r o le
w as m e a s u re d  r e la t iv e  to  th e  m e th y le n e  c h lo r id e  in te g r a l .
13T h e  G n . m . r .  s p e c tru m  of 2, 3 ,4  , 5 - t e t r a m e t h y lp y r r o le  
w as ta k e n  w ith  c h lo ro fo rm  as s o lv e n t and an in te r n a l  re fe re n c e  of 
T M S .
C h a p te r  2
R e a c tio n  o f p y r r o le s  w ith  4 -d im e th y la m in o b e n z a ld e h y d e  
( E h r l ic h 's  R e a g e n t) in  a c id  s o lu tio n .
\N /  H
'N(Me)-
XXXIII
COtHCH,
NHxCH
C H ^ C H , C O x H
H
XXXIV
Mg
C H j
C H i
C O iH
C H ,
0 X CHX
ÇO.H
(Jh ,
CH:,
CH,.'
Mb Me 
- C H x '^
C H ,
( in
XXXV
MG| |Et
H
XXXVI
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In t ro d u c t io n , -
A lth o u g h  a s a m p le  o f p u re  p y r r o le  w as  n o t o b ta in e d  u n t i l  
1857 , in  1834 R unge n o tic e d  th a t w hen  a p in e  s p lin te r  w as  
m o is te n e d  w ith  m in e r a l  a c id  and exposed to the  v a p o u rs  f r o m  
the  d is t i l la t io n  of c o a l t a r ,  bones and s im i la r  m a t e r ia ls  a b r ig h t  
re d  c o lo u r  a p p e a re d . H e , s u b se q u en tly , c a lle d  th e  substance  
g iv in g  th is  c o lo u r  re a c t io n , p y r r o le  ( G r .  p y r r o s ,  r e d ) .  T h e  
re d  c o lo u r  p ro d u c e d  is  due to re a c tio n  b e tw e e n  the p y r r o le  and  
a ld e h y d e s  p re s e n t  in  th e  w o o d . In  1901 E h r l ic h  (6 6 ) m o d if ie d  th is  
re a c t io n  by re p la c in g  th e  p in e  s p lin te rs  by 4 -d im e th y la m in o ­
b en za ld e h y d e  (D M A B ) and th is  c o lo u r  re a c t io n  s t i l l  b e a rs  h is  n a m e .
T h e  p ro p o s e d  s tru c tu re  o f th e  p ro d u c t fo rm e d  in  th is  
re a c t io n  is  show n ( X X X I I I )  and e v id e n c e  to  s u p p o rt th is  is  d is c u s s e d  
la t e r .
I t  is  not t r u e ,  as c o m m o n ly  s ta te d , th a t  a l l  p y r r o le s  w ith  an  
un s u b s titu te d  a -p o s it io n  w i l l  r e a c t  and th e  p e r fo rm a n c e  in  th is  
c o lo u r  te s t  p a r a l le ls  ro u g h ly  th e  a b i l i ty  to  co u p le  w ith  d ia z o n iu m  
s a lts  (9 , 67 , 6 8 ). T h u s , o f the fo u r  com pounds e th y l p y r r o l e - 1 -  
c a rb o x y la te , e th y l 4 - n i t r o p y r r o le - 2 - c a r b o x y la t e ,  d ie th y l 3 - m e t h y l -  
p y r r o le - 2  , 4 -  and d ie th y l 2 - m e t h y lp y r r o le - 3, 5 -d ic a r b o x y la te ,  
none o f w h ic h  u n d e rg o  c o u p lin g  w ith  d ia z o n iu m  s a lts , the f i r s t  
th re e  do not g ive  th e  E h r l ic h  re a c t io n  and the  la s t  re sp o n d s  o n ly  
on w a rm in g .
T h e  E h r l ic h  re a c t io n  is  not s p e c ific  to  p y r r o le s  and m a n y  
com pounds c o n ta in in g  th e  p y r r o le  m o ie ty  g ive  a p o s it iv e  r e s u lt .
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T h is  m a k e s  the  te s t  a v e r y  u s e fu l to o l in  the d e te c tio n  of m a n y  
c l in ic a l ly  im p o r ta n t  co m p o u n d s . T h u s , i t  is  used  in  the  d e te c tio n  
of v a r io u s  p o rp h y r in  p r e c u r s o r s  in c lu d in g  p o rp h o b ilin o g e n  (69 ) 
( X X X IV )  and u ro b il in o g e n  (70 ) ( X X X V ) , th e  d e te c tio n  o f u re a  in  
b io lo g ic a l f lu id s  (7 1 ,7 2 )  and o f v a r io u s  a lk a lo id s  ( 7 3 ,7 4 ) .  T h e  
re a c t io n  b e c a m e  o f f u r t h e r  s ig n ific a n c e  w hen i t  w a s  found th a t the  
u r in e  of in d iv id u a ls  s u ffe r in g  f r o m  p s y c h o tic  i l ln e s s e s  c o n ta in s  
c r y p to p y r r o le  ( X X X V I ) ,  w h ic h  is  kn ow n  as th e  'm a u v e  fa c to r '  by  
v ir tu e  of i ts  re a c t io n  w ith  D M A B  (7 5 ) . M o r e  re c e n t ly  re a c t io n  
w ith  D M A B  has been u sed  in  th e  d e te c tio n  o f v a r io u s  h a llu c in o g e n s  
(7 6 ) .  H o w e v e r ,  th e  re a g e n t is  not a p a r t ic u la r ly  good one fo r  th e s e  
p u rp o s e s  as th e  c o lo u rs  d e v e lo p e d  fa d e  f a i r l y  r a p id ly  (7 7 ) and the  
te s t  can n o t be u sed  q u a n t ita t iv e ly .
T h e  a im s  o f th e  p re s e n t w o rk  w e r e ,  f i r s t l y ,  to  study th e  
k in e t ic s  o f th e  E h r l ic h  re a c t io n  w ith  v a r io u s  m e th y l p y r r o le s  and , 
s eco n d ly , to  d e v e lo p  an im p ro v e d  c o lo u r im e t r ic  te s t  f o r  p y r r o le s .  
T h e  f i r s t  p a r t  o f th is  w o rk  is  o u tlin e d  in  th is  c h a p te r  and th e  l a t t e r  
is  d is c u s s e d  in  C h a p te r  4 .
In  th e  c o u rs e  o f th is  study i t  w as  found n e c e s s a ry  to  p r e p a r e  
a f a i r l y  e x te n s iv e  ra n g e  of m e th y lp y r r o le s  and the g e n e ra l s yn th e tic  
m e th o d  is  o u tlin e d  b e lo w . T h is  w as  b a se d  on th e  m e th o d  d e s c r ib e d  
by H in m a n  and T h e o d o ro p u lo s  (6 1 ) in  w h ic h  p y r r o le s  c o n ta in in g  
c a rb o x y l and c a rb e th o x y  g ro u p s  a r e  re d u c e d  in  good y ie ld s  to  the  
c o rre s p o n d in g  m e th y lp y r r o le s  u s in g  a la r g e  e x c e s s  o f l i th iu m  
a lu m in iu m  h y d r id e  as re d u c in g  a g e n t. A lth o u g h  a lk y l p y r r o le s  
had b een  p re p a re d  p re v io u s ly  by W o lf f -K is h n e r  re d u c tio n s  (78 )
2,3-dimethylpyrrole
CH,COCH.CO,C^H,
+  CaCICHClOC^Hf
NH, C O .C ,H r
. N / 'M e
H
LiAIHL
Me
XXXvil
H
XXXVIII
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2,3,5-trimethylpyrrole
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+ ClCHiCOCH,
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H
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of th e  c o rre s p o n d in g  c a rb o n y l c o n ta in in g  p y r r o le ,  the  l i th iu m  
a lu m in iu m  h y d r id e  m e th o d  has th e  ad van tag e  th a t i t  o f fe r s  a 
m u c h  g r e a te r  f re e d o m  in  th e  ch o ice  of s ta r t in g  m a t e r ia ls .
T h e  in i t ia l  p y r r o le  com pounds w e re  p re p a re d  u s in g  K a o rr  
o r  H a n tz c h  (79 ) ty p e  syn th eses  in v o lv in g , in  the  f o r m e r  c a s e , th e  
co n d en sa tio n  o f a p -k e to -e s te r  o r  a (3-d ik e to n e  w ith  an  « -a m in o  
k e to n e  and , in  th e  l a t e r ,  th e  c o m b in a tio n  of a p k e to -e s te r  w ith  an  
« -h a lo k e to n e  in  th e  p re s e n c e  o f a m m o n ia  o r  a p r im a r y  a m in e , A  
fe w  e x a m p le s  o f p y r r o le  syn th eses  a re  shown in  S ch em e 6 to  
i l lu s t r a t e  th e s e  s y n th e tic  p o in ts .
I t  should  be n o te d , h o w e v e r , th a t the  p r e p a r a t io n  o f N -  
m e th y lp y r  ro le s  f r o m  C - a c y l - N - m e t h y lp y r  ro le s  u s in g  th is  m e th o d  
f a i ls  re g a rd le s s  o f w h e th e r  th e  a c y l group is  a t the 2 -  o r  the  3 -  
p o s it io n . T h is  is  b e c a u s e  re d u c tio n  stops a t  th e  h y d ro x y m e th y l  
s ta g e . T h e s e  N - m e t h y lp y r r o le s  w e re  s y n th e s is e d , h o w e v e r , f r o m  
the  c o rre s p o n d in g  C - m e th y lp y r r o le s  b y  t r e a t in g  th e  la t t e r ,  f i r s t l y ,  
w ith  p o ta s s iu m  to  f o r m  th e  p o ta s s iu m  s a lt and th e n  w ith  m e th y l  
io d id e . A  one step  s y n th e s is  o f N -m e th y lp y r r o le s  is  d e s c r ib e d  b y  
C h a p e lle  e t a l (80 ) in  w h ic h  1, 2 -d im e th y lh y d ra z in e  is  condensed  
w ith  v a r io u s  a ld e h y d e s  and  k e to n e s  in  the  p re s e n c e  o f 4 - to lu e n e -  
su lphon ic  a c id . T h is  m e th o d  w a s  u sed  to  p r e p a r e  a s a m p le  of 
1 , 3 , 4 - t r im e t h y lp y r r o le  u s in g  1, 2 -d im e th y lh y d ra z in e  and p ro p a n a l 
(S ch em e  7 ) ,
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R e s u lts  and d is c u s s io n .-
T h e  re a c t io n  b e tw e e n  D M A B  and d ilu te  aqueous s o lu tio n s  
of p y r r o le s  in  the p re s e n c e  of a c id  le a d s  to  th e  fo rm a t io n  o f a  
b r i l l i a n t  re d  o r  p u rp le  s o lu tio n . T h e  a b s o rp tio n  s p e c tra  of th e se  
c o lo u re d  s o lu tio n s  w e re  ta k e n  and the  r e s u lts  a r e  g iv en  in  T a b le  5 ,
T a b le  5
T h e  m a x im u m  a b s o rp tio n s  (A ) o f the  c o lo u re d  sp e c ie s  o b ta in e dm a x
in  th e  re a c t io n  o f D M A B  w ith  p y r r o le s  in  a c id  s o lu tio n .
P y r r o le
(a)
t
p a re n t
A (n m )  m a x
560
P y r r o le
(b)
Me
1 - m e th y l
A (nm )m a x  ' '
558
(c)
H
2 , 5 - d im e th y l  
(e)
Mg
2 -m e th y l
520
525
(d) 1MeMg
1, 2, 5 -t r im e th y l
(f)
1, 2 -d im e th y l
528
535
(g) Mor------ow
3, 4 -  d im e th y l
515 (h) Mg
Me
Me
1 , 3 ,  4 - t r im e t h y l
520
(i) Me
Me
2, 3 - d im e th y l
552
(j)
Me
Me
Me
2 , 3, 5 - t r im e t h y l
524
=CH N(Me).
XLIV
R x
R,
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R ,
=CH-CH=CH N ( M e ) j
R,R,R,=alkyl groups
XLV
Et
Mg
H
Me
=CH / /  4OH
R.
R*= R= H 
R^=H,R=OMe 
R^ =R/=QMe
XLVI
T a b le  5 (c o n t .)
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(k)
''NMe
Me
Me
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(m ) Me 
MeO
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2, 3 ,4 ,  5 - te t r a m e th y l
(1) MO
H
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(n) Et Me
Hc ry p to p y  r r o le
535
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(o )  C OtHC HjCHPOxH
H
po r  p h o b ilin o  gen
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(P)
H
2 -c a r b o x y l ic  a c id
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T h e  s tru c tu re  o f th e  c o lo u re d  p ro d u c ts  fo rm e d  w i l l  now  
be c o n s id e re d . I t  is  w id e ly  a s s u m e d  th a t th e s e  com pounds have  
s tru c tu re s  o f th e  ty p e  shown ( X X X I I I )  (6 0 a , 8 1 ) . F is c h e r  and h is  
c o -w o r k e r s  (8 2 ) h av e  p re p a re d  and id e n t if ie d  a  n u m b e r  o f such  
com pounds b u t none w ith  o n ly  s im p le  a lk y l  s u b s titu e n ts  on th e  
p y r r o le  r in g .  M o r e  re c e n t ly  M o rg a n  and S c h u n io r  (8 3 ) h ave  
p re p a re d  a s im i la r  com pound f r o m  p y r r o le - 2 - c a r b o x y l ic  a c id .
T h e  p ro d u c t ( X L IV )  f r o m  th e  r e a c t io n  o f 2 -m e th y lin d o le  and D M A B  
in  p e r c h lo r ic  a c id  h as  b een  is o la te d  and c h a ra c te r is e d  b y  D o b e n e c k  
and P r ie t z e l  (2 8 ).
A n a lo g o u s  com pounds w ith  the  s tru c tu re s  ( X L V ,  X L V I )  
h a v e  a ls o  b e e n  p re p a re d  (8 4 , 85) u s in g  4 -  d im  e th y la m in o c  in n a m a ld e h y  d e ,
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4 -h y d ro x y b e n z a ld e h y d e , v a n i l l in  and s y r in g ic  a ld e h y d e ,  
re s p e c t iv e ly ,  in  p la c e  o f D M A B .
A  n u m b e r  o f p ro d u c ts  f r o m  the  p y r r o le s  l is te d  in  T a b le  5 
w e re  p re p a re d  and an a tte m p t w as  m a d e  to  c h a r a c te r is e  th e m .
T h ey  w e r e  d e e p ly  c o lo u re d  so lid s  w h ic h  w e re  s o lu b le  o n ly  to  a  
s lig h t e x te n t in  w a te r  and p o la r  o rg a n ic  s o lv e n ts . A tte m p ts  to  
r e c r y s ta l l is e  th e m  u s in g  a ra n g e  of so lven ts  and m ix e d  s o lv e n ts  
fa i le d  to  p ro d u c e  c r y s ta l l in e  p ro d u c ts . U s in g  t h in - la y e r  
c h ro m a to g ra p h y , the  p ro d u c ts  ' s tre a k e d ' on th e  d e v e lo p in g  p la te s  
and a p u re  s a m p le  w a s  u n o b ta in a b le . A n  a tte m p t to  s u b lim e  th e  
p ro d u c ts  fa i le d ,  th e  com po unds c h a r r in g  and d e c o m p o s in g  b e fo re  
s u b lim a tio n  co u ld  ta k e  p la c e . S im i la r ly ,  C a s tro  e t a l (85 ) found  
th a t th e  c o n d e n s a tio n  o f b e n z a ld e h y d e , 4 -n itro b e n z a ld e h y d e  and  
p ip e ro n a l w ith  c r y p to p y r r o le  le d  o n ly  to  d a rk , in t r a c ta b le  p ro d u c ts .  
S u ccess  in  s yn th eses  of th is  ty p e  is ,  o b v io u s ly , h ig h ly  dependent 
on th e  g ro u p s  a tta c h e d  to  th e  p y r r o le  r in g  and the  c o n d en s in g  
a ld e h y d e .
E le m e n ta l a n a ly s e s  o f th e  com pounds p re p a re d  w e re  
a p p ro x im a te ly  c o r r e c t  f o r  the p ro p o s e d  s tru c tu re  and in  the  c ase  
of 2 -m e t h y lp y r r o le  the m a s s  s p e c tru m  show ed a s m a ll p a re n t p e ak  
h a v in g  a m o le c u la r  w e ig h t in  a g re e m e n t w ith  th is  a n a ly s is .  T h e  
m a s s  s p e c tra  o f th e  o th e r  com pounds p ro v e d  d i f f ic u lt  to  in t e r p r e t .  
In  d ilu te  a c id  s o lu tio n  t h e ir  v is ib le  s p e c tra  w e re  s im i la r  to  those  
o b ta in e d  u n d e r k in e t ic  cond itions  (s e e  la t e r )  b u t, as in  both cases  
the  s o lu tio n s  w e re  n o t c o m p le te ly  s ta b le , c o m p le te  id e n t if ic a t io n
FIGURE 6
Oscilloscope iroce of the  
reaction of DMAB w ith  
1-methylpyrrole in 1-5 M~ 
hydrccMoric oc’jcl.
FIGURE 7
O s c i l l o s c o p e  t r a c e  o f  t h e  
r e a c t i o n  o f  D M A B  w i t h  
p y r r o l e  i n  1 * 5 M -  h y d r o ­
c h l o r i c  a c i d .
FIGURE 8
O s c i l l o s c o p e  t r a c e  o f  t h e  
r e a c t i o n  o f  D M A B  w i t h  
2 j 3 j 5 , - t r i m e t h y l p y r r o l e  in  
T 5 M - h y d r o c h l o r i c  a c i d
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w as n o t p o s s ib le . T h e  in te n s e  a b s o rb a n c e  o f th e s e  com pounds  
is  c o n s is te n t w ith  the lo n g  c o n ju g a te d  s y s te m  of s tru c tu re  ( X X X I I I )  
and th e re  s eem s  l i t t l e  doubt th a t th is  is  th e  c o r r e c t  s t r u c tu r e .
The in te n s e  c o lo u r  of th e  p ro d u c t fo rm e d  m a k e s  th e  ra te  
of i ts  fo rm a t io n  e a s y  to  m e a s u re  and fo r  a l l  the  p y r r o le s  in  
T a b le  5 e x c e p t t e t r a m e th y lp y r r o le  and p y r r o le - 2 - c a r b o x y l ic  a c id  
th is  w as  c a r r ie d  out u s in g  s to p p e d -flo w  s p e c tro p h o to m e try .
A lth o u g h  the  m e a s u re m e n t o f th e  k in e t ic s  is  e a s y , the in te r p r e ta t io n  
of the re s u lts  is  m o re  c o m p le x . B ro a d ly ,  p y r r o le  com pounds  
f a l l  in to  th re e  c la s s e s  w ith  re s p e c t  to t h e ir  r e a c t io n  w ith  D M A B .
(1 ) T h e  s im p le s t b e h a v io u r  is  good f i r s t - o r d e r  k in e t ic s  
(D M A B  and a c id  b e in g  p re s e n t  in  la r g e  e x c e s s e s ) w ith , on a 
s to p p ed -flo w  t im e  s c a le , a c o n s ta n t in f in ity  re a d in g  (F ig u r e  6 ),
T h is  b e h a v io u r  is  show n by com pounds (b) to  (g ), ( i ) ,  and (k ) to  (o) 
in  T a b le  5 , O v e r  a lo n g e r  t im e  in te r v a l  (up to  1 h o u r) th e  c o lo u r  
in  m o s t c a s e s  fa d e d .
(2) W ith  p y r r o le  i t s e l f  f i r s t - o r d e r  k in e t ic s  a re  o b s e rv e d  
i n i t ia l ly  but fa d in g  c o m m e n c e s  a lm o s t im m e d ia te ly  and i t  is  
im p o s s ib le  to  o b ta in  an in f in ity  re a d in g  (F ig u r e  7 ) ,
(3) 2 , 3 ,  5 - T r im e t h y lp y r r o le  showed the  b e h a v io u r  i l lu s t r a te d  
in  F ig u r e  8, A f t e r  an  in c re a s e  in  a b s o rb a n c e , w h ic h  m a y  be f i r s t  
o r d e r ,  the  c o lo u r  in te n s ity  in c re a s e d  in  a l in e a r  m a n n e r  o v e r  
s e v e ra l m in u te s . A f t e r  th a t th e  c o lo u r fa d e d , fa l l in g  to  c a . 50% o f  
i ts  m a x im u m  v a lu e  in  1 h o u r . W ith  th is  com pound a tta c k  m u s t be 
a t th e  3 -p o s it io n , but s im i la r  b e h a v io u r  is  n o t found  w ith
+■ H
CHO ^
XXVIII XXIX
\N ^ C H  H
XXXIII
>=N(Me),
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FIGURE Q(q) V a r i a t i o n  o f  k o „  w i t h
D M A B  c o n c G n i r a l i o r i  f o r  r e a c t i o n  w i t h  3 , 4 -  
d i m e t h y l p y r r o l c ?  i n  1 * 5 M  h y d r o c h l o r i c  Q c i d ;  
[ 3 , 4 - d i m e t h y ( p y r r o l e I * = 4 x 1 0 " ^ M
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2 , 5 - d im e th y l-  and 1, 2 , 5 - t r im e t h y lp y r r o le .
T h e  g e n e ra l p ic tu re  th a t e m e rg e s  is  th a t  an in i t ia l  r e a c t io n ,  
w h ic h  obeys f i r s t - o r d e r  k in e t ic s ,  m a y  be fo llo w e d  by fu r th e r  
in ten s ifica tio n  of the  c o lo u r , and in  th e  f in a l  p h ase  th is  fa d e s  but 
does not d is a p p e a r  c o m p le te ly . T h e  r e la t iv e  im p o r ta n c e  o f th e  
th re e  phases  v a r ie s  w ith  th e  p y r r o le  and th is  d e c id e s  i f  th e  in i t ia l  
re a c t io n  can  be s e p a ra te d  and a n a ly s e d  s a t is fa c to r i ly .  F o r tu n a te ly ,  
th is  is  the c a se  w ith  m o s t o f th e  p y r r o le s  s tu d ied  and the o n ly  
d is a p p o in tm e n t is  th a t a tta c k  a t the 3 -p o s it io n  c o u ld  not be a n a ly s e d  
due to  an in s u ff ic ie n t  n u m b e r of r e s u lts .
In  a l l  c a s e s  the  ra te  o f reafction  w as  d e te rm in e d  as a fu n c tio n  
of D M A B  c o n c e n tra t io n  at c o n s ta n t a c id ity .  A  p lo t  of th e  
e x p e r im e n ta lly  d e te rm in e d  ra te  c o n s ta n ts  a g a in s t D M A B
c o n c e n tra tio n  w a s  l in e a r  in  a l l  c a s e s , but w ith  som e p y r r o le s  th e re  
w as a la r g e  p o s it iv e  in te r c e p t .  T h is  shows th a t th e  e q u il ib r iu m  
in  the p ro p o s ed  re a c t io n  schem e (S ch em e 8) is  not c o m p le te ly  to  
the  r ig h t-h a n d  s id e . T h e  ra te  c o n s tan t is  g iv e n  by th e  e q u a tio n
w h e re  k   ^ in c lu d e s  th e  h y d ro g e n  io n  c o n c e n tra t io n . T h is  e q u a tio n  
is  d e r iv e d  in  A p p e n d ix  3 (8 6 ) (9 0 ) .
A b s e n c e  of an in te rc e p t  in d ic a te s  th a t k   ^ is  z e r o .  T h e
slope of the c u rv e  is ,  of c o u rs e , k^  ^ and the re s u lts  f o r  3, 4 - d im e t h y l -
p y r r o le  a re  shown in  F ig u r e  9(a). I t  w as  found th a t w ith  the  s e le c tio n
of p y r r o le s  s tud ied  k ^ ^ ^  w as  in d ep en d en t o f the  in i t ia l  p y r r o le
c o n c e n tra t io n . T h e  v a lu e s  o f k^ and k  ^ , to g e th e r  w ith  the  re le v a n t
pK  v a lu e s , a r e  l is te d  in  T a b le  6 . a
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T a b le  6
R e a c tio n  o f v a r io u s  p y r r o le s  w ith  D M A B  in  1 .5 0  M  h y d ro c h lo r ic
a c id
P y r r o le
m o l s -18
p K  ^ a ^ 2 k r e l
a) p a re n t 1 .2 (+ 0 .  3) 0 .4 - 3 . 8  («) 0 .4 1 0 .0 0 7
b) 1 -m e th y l 5 .0 ( + 0 .  3) 0 - 2 , 9  (« ) 1 .7 0 .0 3
c) 2 , 5 -d im e th y l < 1 0 4 .5 - 0 . 80{«) 
-0 .71 (1 3 )
d) 1 ,2 ,  5 - t r im e t h y l 4 3(+4) 3 .5 - 0 .2 1 ( « )  
- 0 .  io (p )
40
49
0 .8 0
e) 2 -m e th y l) 17(+2) 0 - 0 .2 1 ( « ) 16 0 .3
f) 1 , 2 -d im e th y l 16(+ 2) 0 0 . 50 (« ) 63 1
g) 3, 4 -d im e th y l 30(+ 3) 2 . 8 0 .7 0 (« ) 161 2 . 6
i) 2 , 3 -d im e th y l 3 .7 ( 1 0 .2 ) 0 1 .5  (« ) 120 1 .9
j)  2 , 3 , 5 - t r im e t h y l < 1 0 .2 5 2 .0  {«) 
0 .3 0 (P )
k ) 1 ,2 ,  3 - t r im e t h y l 2 .0 ( 1 0 .2 ) 0 2 .2  (« ) 316 5
1) 2 , 4 -d im e th y l 2 .3 ( ± 0 .2 ) 0 2 .6  («) 916 15
m ) 2 , 3 , 4 ,  5 - te t r a m e th y l 0 0 3 .7  (« )
n) c ry p to p y r r o le 0 .7 ( 1 0 .5 ) 0 3 .5  ( ca )
p) 2 -c a r b o x y l ic  a c id < 1 0 2 .5  ^
X 10"^
N o te s  -  a A t  25 C
b E x c e p t w h e re  in d ic a te d , th e  b a s ic ity  o f the (3-p o s it io n  
is  m u c h  le s s  th a n  th a t o f th e  « -p o s it io n
c R a te  r e la t iv e  to  1, 2 -d im e th y lp y r r o le
W ith  com pounds (c ) ,  ( j )  and (p) v a r ia t io n  o f w ith  D M A B
c o n c e n tra tio n  w as  so s m a ll th a t o n ly  a v e ry  a p p ro x im a te  v a lu e  o f k^  
cou ld  be d e te rm in e d . F o r  ( j ) ,  w h ic h  showed the k in e t ic  b e h a v io u r  
i l lu s t r a te d  in  F ig u r e  8, th e  c a lc u la t io n  o f the f i r s t - o r d e r  ra te  c o n s tan t
H
(Py)
XXVIII I
CHO
4 " H
J hoh
\ y ,N(Me)i
(DMAB)
XXIX
N(Me)i
IDMABH' )^
X L V II
Py + DMA6H •H 
€H- N(Me),
XLVIII 
k '
XXXIII + H^ G
!
SCHEME 9
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w as su b jec t to  c o n s id e ra b le  e r r o r  and l i t t le  s ig n if ic a n c e  can  be
a tta c h e d  to  th e  v a lu e  o f , A l l  those p y r r o le s  u n d e rg o in g
a tta c k  at the 3 -p o s it io n , (c ) ,  (d) and ( j ) , have  a s u b s ta n tia l b ac k
re a c t io n , i e . th e  e q u il ib r iu m  co n stan t k ^ /k   ^ is  s m a ll .  T h is  is
a ls o  t ru e  o f the  n o n a c tiv a te d  com pounds (a ) and ( p ) . I f  the  p y r r o le
is  a c tiv a te d  to w a rd s  e le c t ro p h il ic  a tta c k  a h ig h e r  c o n c e n tra tio n
of p ro d u c t e x is ts  a t e q u il ib r iu m , w h ic h  is  w h a t m ig h t be e x p e c te d .
T h e  r e s u lt  f o r  3 , 4 -d im e th y lp y r r o le  is  an e x c e p tio n  to th is  b e h a v io u r
and th e re  is  no obv ious  e x p la n a tio n  of t h is .  In d o le  obeyed  good
f i r s t - o r d e r  k in e t ic s  f o r  eac h  ru n  b u t a p lo t o f k  , a g a in s t D M A Bobs
c o n c e n tra tio n  show ed a lm o s t ra n d o m  s c a t te r .  A  p o s s ib le  
e x p la n a tio n  o f th is  is  g iv en  la t e r .
In  v ie w  of th.e re a c t io n  p ro d u c t and th e  c a ta ly t ic  e ffe c t  
of a c id  th e  re a c t io n  m e c h a n is m  shown in  S c h e m e  9 is  p ro p o s e d .
T h e  slow  step  (k ) is  a tta c k  b y  O -p ro to n a te d  D M A B  on u n p ro to n a te d  
p y r r o le ,  and e l im in a t io n  o f w a te r  (k ')  is  f a s t .  T h e  k in e t ic s  a re  
c o m p lic a te d  by  the fa c t  th a t p y r r o le s  a re  p ro to n a te d  to  v a r io u s  
e x te n ts  a c c o rd in g  to the s u b s titu e n ts  a tta c h e d  to  th e  r in g ,  is
d e fin e d  as [ P y H ^ ] /  [P y  ] [H ^  ] and th e  s to ic h io m e tr ic  c o n c e n tra tio n  
of p y r r o le ,  [P y  , is  g iv e n  by e q u a tio n  2 and th e  c o n c e n tra t io n  
of th e  f r e e  p y r r o le  by  e q u a tio n  3 .
[Py]^^ = [P y ] { K j [H '^ ]  + 1) (2)
[ P y ]  = [ P y ]  / ( K j [ H + ] +  1) (3)
st
K  is  d e fin e d  as [D M A B H "^ ] / [d M A B  ] [h "^  ] and , i f  the  
e x te n t of O -p ro to n a t io n  o f D M A B  is  s m a ll,  the  r a te  o f th e  slow  
step is  g iv e n  by e q u a tio n  4 .
36
ra te  of fo r m a t io n  = k  [P y  ] [D M A B H ^  ] (4)
= k  [P y  [D M A B  ] [H +  ] / ( K  ] + 1)
A s  th e  re a c t io n  is  o f the f i r s t  o rd e r  in  p y r r o le  th e  e x p e r im e n ta lly
d e te rm in e d  ra te  c o n s ta n t (k  ) ,  in  cas es  w h e re  th e re  is  no b ackobs
re a c t io n , is  g iv e n  by e q u a tio n  5 and the ra te  c o n s ta n t k ^ , as  
d e fin e d  in  S ch em e 8, b y  e q u a tio n  6.
'"obs = k K 2 [ D M A B ] [ H ‘' ' ] / ( K j [ H + ] +  1) (5)
= k K ^ [ H + ] / ( K j H + ]  + 1) (6)
T h e re  a r e  fo u r  unknow ns in  th e  e x p re s s io n  fo r  k^ and the
s ig n if ic a n t one, th a t w h ic h  m e a s u re s  th e  s u s c e p t ib il ity  o f the
p y r r o le  to  e le c t r o p h il ic  a tta c k , is  k .  D e te r m in a t io n  o f the o th e r
th re e  w i l l  now  be c o n s id e re d .
T h e  e q u il ib r iu m  c o n s ta n t is  r e la te d  to  th e  pK ^  of the
p y r r o le .  A t  one t im e  p y r r o le  w as  e r ro n e o u s ly  th ro u g h  to be a
m o d e ra te ly  s tro n g  base (p K ^ = 0 ) (17 ) but G h ian g  and W h ip p le  (58 )
have  a rg u e d  th a t th is  e r r o r  w as  due to  a w ro n g  in te r p r e ta t io n  o f th e
e x p e r im e n ta l r e s u lts  in  w h ic h  th e y  c la im  C -p ro to n a t io n  w as  n e v e r
e ffe c te d . In  tu r n  G h ian g  and W h ip p le  (58 ) h av e  m a d e  an e x te n s iv e
study of th e  b a s ic ity  of a ra n g e  of m e th y lp y r  ro le s  in  s u lp h u ric  a c id
u s in g  u . v ,  s p e c tro s c o p y  in  w h ic h  the  a b s o rp tio n  of the  c o n ju g a te
a c id  is  q u ite  d is t in c t  f r o m  th a t of th e  f r e e  b a s e . U s in g  d ilu te
-4aqueous p y r r o le  so lu tio n s  (10  M ) to  m in im is e  the chance of 
p o ly m e r is a t io n  o c c u r r in g , th e y  m e a s u re d  the h a lf -p ro to n a t io n  p o in t  
in  s u lp h u ric  a c id  as a m e a s u re  of the p K ^  v a lu e s . T h e  a c id it ie s  
of th e s e  so lu tio n s  w e re  d e te rm in e d  u s in g  a ra n g e  o f in d ic to r  b a s e s . 
I t  w a s  found th a t m e th y l s u b s titu e n ts  had an a d d it iv e  e ffe c t  on the
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b a s ic ity  o f th e  p y r r o le  r in g  and f r o m  the  re s u lts  o b ta in e d  th ey  
w e re  a b le  to  d es ig n  a ta b le  f r o m  w h ich  the b a s ic ity  of any  m e th y l 
s u b s titu ted  p y r r o le  can  be c a lc u la te d . T h is  is  shown as T a b le  7 .
T a b le  7
(p K j) v a lu e s  f o r  m e th y l s u b s titu tio n  in  p y r r o le s
4-
pKp = - 5 .  9
m 2 3 4 5
1 0 .7 0 . 8 0 .8 0 .7
2 0 . 6 ( 3 .6 ) (1 .4 ) 3 . 6
3 2 .8 ( - 0 . 7 ) (1 .2 ) 1 .7
4 1 .7 ( 1 .2 ) ( - 0 . 7 ) 2 . 8
5 3 .6 ( 1 .4 ) (3 .6 ) - 0 ,  6
notes j
m
p o s it io n  o f p ro to n a tio n  
p o s it io n  o f m e th y l su b stitu en t
v a lu e s  in  b ra c k e ts  re p re s e n t  e m p ir ic a l  e s t im a te s
U s in g  th e  e x p e r im e n ta l ly  d e te rm in e d  p K ^  v a lu e s  and the  
v a lu e s  c a lc u la te d  f r o m  the ta b le  above the b a s ic it ie s  o f th e  p y r r o le s  
in c lu d e d  in  th e  p re s e n t  study w e re  d e te rm in e d  and a re  in c lu d e d  in  
T a b le  6.
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is  th e  e q u il ib r iu m  c o n s ta n t f o r  O -p ro to n a t io n  of 
D M A B  and is  no t k n o w n , bu t i t  is  th e  sam e in  a l l  c a s e s  and  
c a n c e ls  out in  th e  d e te rm in a t io n  o f r e la t iv e  r a te s .  T h e  N -  
p ro to n a te d  c o m p o u n d ,w h ich  w i l l  be the  p re d o m in a n t s p e c ie s , 
is  as s u m e d  to  be u n re a c t iv e  and its  p re s e n c e  does not change  
the fo r m  of eq u a tio n  6.
T h e  v a lu e  of [H ^  ] in  e q u a tio n  6 is  not e a s y  to  a s s e s s . 
T h e  a c id  c o n c e n tra t io n  (1 . 5 M ) is  o u ts id e  th e  id e a l ra n g e  but 
i t  is  not c le a r  w h ic h  is  the a p p ro p r ia te  a c id ity  fu n c tio n  to  u s e . 
(A  b r ie f  d is c u s s io n  o f a c id ity  fu n c tio n s  is  g iven  in  A p p e n d ix  4 . )  
T h e  p ro to n a tio n  o f p y r r o le  and its  m e th y l d e r iv a t iv e s  p a r a l le ls  
the and a c id ity  fu n c tio n s , but lo g  I  (w h e re  I  is  the  
io n is a tio n  ra t io )  is  a ls o  l in e a r  w ith  re s p e c t to  (5 8 ) .  
P ro to n a tio n  of D M A B  should p a r a l le l  the  benzophenone s c a le  
(H g )  (8 8 ) bu t a t lo w  a c id  c o n c e n tra t io n  and a re  id e n t ic a l.  
T h e  h^ v a lu e  (89 ) is  n o t, th e r e fo r e ,  an u n re a s o n a b le  ch o ic e  and, 
in  any c a s e , th e  c h o ic e  has o n ly  a s m a ll e ffe c t  on th e  r e la t iv e  
r a te s .
I t  is  now  p o s s ib le  to  c a lc u la te  the  v a lu e  of k K ^  
in  e q u a tio n  (6) fo r  m o s t of the p y r r o le s  s tud ied  and the  
v a lu e s  a re  l is te d  in  T a b le  6 .
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T h e  ra t io s  of th e s e  v a lu e s  g iv es  the  r e la t iv e  m a g n itu d e  o f k .
T h e  s ta n d a rd  w a s  set a t u n ity  fo r  1, 2 -d im e th y lp y r r o le  as th is  
com pound gave am ong  th e  m o s t re p ro d u c ib le  k in e t ic s .  The  
s p re a d  o f ra te s  is  about 5, 000 but th is  s p re a d  is  n o r m a lly  
o b s cu red  by th e  e f fe c t  o f p ro to n a tio n .
B y  c o m p a r in g  th e  r e la t iv e  r e a c t iv i t ie s  o f v a r io u s  p y r r o le s  
e x a m in e d , th e  a c t iv a t in g  e ffe c t o f the  m e th y l group  on d if fe re n t  
p o s itio n s  on the  r in g  c a n  be c a lc u la te d  (T a b le  8 ) . W h e re  tw o  
id e n t ic a l p o s itio n s  a r e  open to  a tta c k  a llo w a n c e  w as  m a d e  fo r  th is .
T a b le  8
A c t iv a t in g  e ffe c t  o f a m e th y l g ro u p  to w a rd s  e le c t r o p h il ic  a tta c k
on th e  p y r r o le  r in g
C om pounds c o m p a re d  P o s it io n  of P o s it io n  o f A c t iv a t in g
m e th y l group a tta c k  e ffe c t
a) and b) 1 2 4 ,3
e) and f) 3 .3
i) and k ) 2 .6
M e a n  v a lu e  3 ,4
a) and e) 2 5 85
b) and f) 67
M e a n  v a lu e  76
e) and 1) 3 2 50
e) and i) 3 5 6 .3
W h e re  m o re  th an  one c o m p a r is o n  o f th e  e ffe c t of a m e th y l  
group on any g iv e n  p o s it io n  can  be m a d e  a m e a n  v a lu e  of the  
a c tiv a t in g  e ffe c t  w a s  d e te rm in e d . T h e  c o n s is te n c y  of th e s e  re s u lts  
confirm s th e  p ro p o s e d  re a c t io n  s c h e m e . I t  should  be n o ted  th a t as
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the p y r r o le  r in g  b e c o m e s  m o re  s u b s titu te d  th e  a c t iv a t in g  e ffe c t  
of th e  m e th y l g ro u p  is  s lig h t ly  d im in is h e d  (s e e  c o m p a r is o n s  
a) and b ), e) and f) and i)  and k) ) .  T h is  cou ld  m e a n  th a t the  
e ffe c ts  a re  not a d d it iv e . A  m o re  l ik e ly  e x p la n a tio n , h o w e v e r ,  
is  th a t as th e  p y r r o le  r in g  b e c o m e s  m o re  s u b s titu te d  s te r ic  
in te ra c t io n s  b e tw e e n  th e  m e th y l g roups and th e  a p p ro a c h in g  
e le c tro p h ile  b ec o m e  m o re  p ro n o u n c e d .
A  s im i la r  study to  th is  has  been  c a r r ie d  ou t by B u t le r ,  
P o g o rz e le c  and S h e p h e rd  (68 ) u s in g  v a r io u s  d ia z o n iu m  s a lts  as 
the a tta c k in g  e le c t ro p h ile  s . T h e  a c tiv a tin g  e ffe c ts  w h ic h  w e re  
d e r iv e d  fo r  the m e th y l g ro u p s  (T a b le  9) c o m p a re  v e ry  fa v o u ra b ly  
w ith  th e  re s u lts  l is te d  above a lth o % h  the  e ffe c t o f a m e th y l g ro u p  a t 
p o s it io n  3 on a t ta c k  a t p o s it io n  5 is  s m a lle r  th a n  th e  c o rre s p o n d in g  
v a lu e  g iven  in  T a b le  8.
T a b le  9
A c t iv a t in g  e ffe c t o f a m e th y l g ro u p  to w a rd s  e le c t r o p h il ic  a tta c k  
on the p y r r o le  r in g  w ith  d ia z o n iu m  io n s  as th e  e le c tro p h ile s
P o s it io n  of m e th y l g roup  P o s it io n  o f a tta c k  A c t iv a t in g  e ffe c t^
1 2 3 .2
5 2 4 9
3 2 4 8
4 2 1 .6
N o te  a T h is  is  the a v e ra g e  a c t iv a t in g  e ffe c t c a lc u la te d  fo r  the  
ra n g e  o f d ia z o n iu m  io n s  used  in  the study (6 8 )
T h e  a c t iv a t in g  e ffe c t  o f a m e th y l g roup  on p y r r o le  is  le s s  
th a n  on th io p h e n  (3 9 , 91 and C h a p te r  3) but so m u c h  co n fu s io n
05
- e r
1 2 3
[HCIJ (M)
F "  I G U R  E  9 ( b )  V a r i a t i o n  Of k * * *  w i * f h  acid  
c o n c o n  t r a t i o n  for i h o  r e a c t i o n  o f  D M A 0  w i t h  
v a r i o u s  p y r r o l e s :  m e t h y l p y r r o l o ;  A , 2 , 4  d i -
m e t h y l p y r r o l o ;  O ,  I ^ Z - d i m e t h y l p y r r o l e .
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s u rro u n d s  th e  m e a n in g  o f c o m p a ris o n s  o f s u b s titu tio n  e ffe c ts  
in  d if fe re n t  r in g  s y s te m s  (9 2 ) th a t i t  is  u n w is e  to  s p e c u la te  on 
the  s ig n ific a n c e  o f th is  o b s e rv a tio n . T h e  u n c e r ta in  v a lu e s  o f 
f o r  com pounds ( i)  and j )  m a k e s  i t  im p o s s ib le  to  c o m p a re  the  
r e a c t iv i t ie s  o f th e  a -  and (3-p o s it io n s  in  th is  r e a c t io n . C om pound  
(d) cannot be u s ed  as th e  e ffe c t  o f 1 - s u b s titu tio n  on th e  p -p o s it io n  
is  un kn o w n .
T h e  v a l id i ty  o f S c h e m e  2 has been  f u r t h e r  c o n f irm e d  by a 
study o f th e  e ffe c ts  o f a c id  c o n c e n tra tio n s  on kj^. I f  is  v e r y
s m a ll ( ie ,  the  p y r r o le  is  a w e a k  b a s e ), th e n  ] is  m u ch
s m a lle r  th a n  u n ity , e q u a tio n  (6 ) s im p lif ie s  to  k^ = k K ^  [ ] ,  and
-fk^ should be a l in e a r  fu n c tio n  of [H  ] ,  F o r  1 - m e th y lp y r  ro le
(w h e re  is  s m a ll)  k^  in c re a s e s  c o n tin u o u s ly  w ith  in c re a s in g  a c id
co n cen t ra t io n  (F ig u re  SÇd)) bu t th e  in c re a s e  is  n o t l in e a r  u s in g  any
k n o w n  a c id ity  s c a le . T h e  re a s o n  f o r  th is  d is c re p a n c y  is  no t k n o w n .
W h e n  is  la r g e  ( ie .  th e  p y r r o le  is  a s tro n g  b a s e ), e q u a tio n  (6 )
s im p lif ie s  to  k  = 2 and k  should be in d e p en d e n t o f a c id ity .  T h is
k l
w a s  found to be th e  c as e  fo r  2 , 4 -d im e th y lp y r r o le  (F ig u re9 (b )), F o r  
a p y r r o le  of in te r m e d ia te  b a s ic ity  k^  should in c re a s e  in i t ia l ly  
w ith  in c re a s e d  a c id ity  b u t b e c o m e  c o n s ta n t a t h ig h  a c id  c o n c e n tra t io n .  
T h is  w as  o b s e rv e d  w ith  1, 2 -d im e th y lp y r r o le  (F ig u r e  9(b]),
T w o  o th e r  p y r r o le s  e x a m in e d  show ed u n e x p e c te d  b e h a v io u r .  
W ith  1 ,2 ,  5 - t r im e t h y lp y r r o le  th e re  w as  the e x p e c te d  in c re a s e  in  k^  
a t lo w  a c id it ie s  b u t above I M  a c id  the v a lu e  d e c re a s e d  (T a b le  1 0 ),
T h e  v a lu e  o f k^ f o r  2 , 3 - d im e th y lp y r r o le  show ed a s lig h t but 
d e fin ite  d e c lin e  as the a c id  c o n c e n tra tio n  w as  in c re a s e d  (T a b le  1 0 ).
42
T a b le  10
V a r ia t io n  o f w ith  a c id  c o n c e n tra t io n  fo r  1 ,2 ,  5 - t r im e t h y lp y r r o le
and 2 , 3 -d im e th y lp y r r o le
[H G I ] (M ) k ^ (m o l  ^sec
1, 2) 5 - t r im e t h y lp y r r o le  2 , 3 -d im e th y lp y r r o le
0 .1 5  1 .5
0 .4 0  5 .8
0 .5 0  0 .1 3
1 .0 0  7 .2  0 .1 3
1. 50 0 .1 2
2 .0 0  4 . 6  0 ,0 9 6
2 . 50 3 .9  0 .0 7 7
P ro to n a t io n  o f in d o le s  show s c o m p le x  b e h a v io u r  (93 ) and d if fe r e n t ly  
su b s titu te d  in d o le s  fo l lo w  d if fe r e n t  a c id ity  fu n c tio n s . S im i la r  
b e h a v io u r w ith  p y r r o le s  m ig h t e x p la in  th ese  e f fe c ts , bu t th e re  is  
no in d ep en d en t e v id e n c e  fo r  th is .
H  n . m . r .  s th d ie s  by G h iang  and W h ip p le  (5 8 ) in  s tro n g  
a c id  in d ic a te s  th a t p ro to n  lo s s  f r o m  th e  p y r r o l in iu m  io n  is  s lo w  
u n d e r th es e  c o n d it io n s . T h u s , fo r  N -m e th y lp y r r o le  in  16 M  
d e u te r io s u lp h u r ic  a c id  th e  exchange h a l f - l i f e  o f a p ro to n  at the
2 -p o s it io n  is  40  m in u te s . T h is  co u ld  m e a n  th a t in  e le c tro p h il ic  
s u b s titu tio n  th e  s lo w  step m a y  be p ro to n  lo s s  f r o m  the c o n ju g a te  
a c id , fo llo w e d  by a fa 'st re a c t io n  b e tw e e n  the f r e e  base  and O -  
p ro to n a te d  D M A B , V e r y  s low  p ro to n  lo s s  o c c u rs  o n ly  in  v e r y  
c o n c e n tra te d  a c id  and th e  h a l f - l i f e  o f p -p ro to n a te d  2 , 5 -d im e th y lp y r r o le  
in  d ilu te  a c id  is  o n ly  a f r a c t io n  o f a second (1 8 ) , bu t th is  is  s t i l l  th e
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sam e o rd e r  of m a g n itu d e  as  th e  ra te  o f r e a c t io n . H o w e v e r ,  
the re s u lts  in  T a b le  6 a rg u e  a g a in s t p ro to n  lo s s  b e in g  th e  slow  
step . M o s t of th e  p y r r o le s  a r e  c o m p le te ly  p ro to n a te d  but 
v a r ie s  v e r y  l i t t l e  and i t  is  u n lik e ly  th a t the ra te  o f p ro to n  lo s s  
is  u n a ffe c te d  by  th e  la r g e  ch an g es  in  p y r r o le  b a s ic ity .  P ro to n  
lo s s  does n o t a p p e a r  to  be the  s low  step .
T h e  reac tL o n  b e tw e e n  2 , 3 , 4 ,  5 - t e t r  a m e th y lp y r  ro le  and  
D M A B  h as  b een  d is c u s s e d  in  C h a p te r  1 . I t  w as  found th a t th is  
re a c t io n  w as  s e v e ra l o rd e rs  o f m a g n itu d e  s lo w e r  th a n  th a t o f th e  
o th e r  p y r r o le s  s tu d ie d . T h e  m a t te r  w as  not in v e s tig a te d  fu r th e r  
but the fa c t  th a t  a c o m p le te ly  s u b s titu te d  p y r r o le  g iv e s  a p o s it iv e  
re a c t io n  does n o t a ffe c t  th e  p ro p o s e d  m e c h a n is m  in  S ch em e 9 .
T h e  in s ta b i l i t y  o f th e  p ro d u c t m u s t now  be c o n s id e re d  and  
s e v e ra l fa c to r s  a r e  thought to  be im p o r ta n t .  F i r s t l y ,  s ince the  
E h r l ic h  re a c t io n  is  a n  e q u i l ib r iu m , p o ly m e r is a t io n  o f the p y r r o le s  
w ith  t im e  w o u ld  e f fe c t iv e ly  re m o v e  som e of th e  p y r r o le  a v a ila b le  fo r  
re a c t io n  w ith  D M A B . T h e  m o re  b a s ic  p y r r o le s ,  w h ic h  a re  
c o m p le te ly  p ro to n a te d  in  a c id  w i l l  n o t p o ly m e r is e  u n d e r th e s e  
c o n d itio n s , d is p la y  f a i r l y  s tra ig h t fo rw a rd  k in e t ic s .  O n  the  o th e r  
h and , p y r r o le ,  b e in g  w e a k ly  b a s ic , p o ly m e r is e s  r e a d i ly  in  6 M  
h y d ro c h lo r ic  a c id , th e  p ro d u c t b e in g  th e  t r i m e r  ( X I I I ) .  A  s a m p le  
o f th is  com pound w as  p re p a re d  and re a c te d  w ith  E h r l ic h 's  re a g e n t .  
T h e  re s u lta n t  u . v .  s p e c tru m  show ed an a b s o rp tio n  at 552 n m  w ith  
a s h o u ld e r a t 525 n m  (p y r r o le  w ith  D M A B  g iv e s  an a b s o rp tio n  at 
560 n m ) and th is  m a y  e x p la in  w hy th e  c o lo u r  does n o t fa d e  c o m p le te ly .
I 3' .5/
X I I I
VN IM g );^
XLIX
A n ^ 'C O .H  
H ^  H
V ,N (M g)^
L
h ^ n ^ c h =  
H >=N(Mg),
LI
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13T h e  G n . m . r ,  s p e c tru m  o f th e  t r im e r  w as  ta k e n  and showed
s ix  p eaks  a t 3 2 . 66 , 5 5 .4 4 ,  1 0 4 .2 8 , 1 0 8 .3 8 , 1 1 6 . 93 and 1 3 4 , 65 p p m
r e la t iv e  to  a T M S  in te r n a l  r e fe r e n c e .  T h e  tw o  h ig h  f ie ld  a b s o rp tio n s ,
32 , 66 and 5 5 .4 4  p p m , a r e  due to  th e  2 ’ -  and 3 ‘ -c a r b o n  a to m s  ( X l l l )
re s p e c t iv e ly  of th e  p y r r o l id in e  m o ie ty .  T h e s e  c a n  be c o m p a re d
w ith  the c o rre s p o n d in g  c a rb o n  a b s o rp tio n s  o f u n s u b s titu te d  p y r r o l id in e
a t 2 5 .7  and 4 7 , 1 p p m  (9 4 ) .  T h e  lo w  f ie ld  a b s o rp tio n s  at 1 0 4 .2 8 ,
108 . 38 , 1 16 . 93 and 134 . 65 p p m  can  be as s ig n e d  to  c a rb o n s  3, 4 ,
5 and 2 (XX1Ï) r e s p e c t iv e ly  of th e  p y r r o le  m o ie ty .  T h is  is  b ased  on 
13the study of C -  n . m . r .  s p e c tra  o f p y r r o le s  by A b ra h a m  e t a l  
(5 9 ) and a s s u m e s  th a t  th e  p y r r o l id in e  s u b s titu e n t h a s  a s im i la r  
e ffe c t to  th a t o f a m e th y l group  on th e  c h e m ic a l s h ifts  o f th e  p y r r o le  
r in g -c a r b o n  8, a lthough  of a d if fe r e n t  m a g n itu d e .
A s  re p o r te d  above th e  k in e t ic s  of the  re a c t io n  b e tw e e n  in d o le  
and D M A B  a re  ra n d o m  and im p o s s ib le  to  in t e r p r e t .  T h e  p ro d u c t  
f r o m  th is  re a c t io n  w as  o b ta in e d  and c o n ta in e d , f r o m  m a s s  s p e c tra l  
and m ic r o a n a ly t ic a l  e v id e n c e , tw o  in d o ly l g ro u p s  f o r  each  D M A B .  
U n d e r  a c id  c o n d it io n s , t h e r e fo r e ,  in d o le  p ro b a b ly  d im e r is e s  (95 ) 
b e fo re  i t  re a c ts  and th is  co u ld  e x p la in  the above k in e t ic  r e s u lts .  
D im é r is a t io n  and t r im é r is a t io n  o f in d o le  a r e  kn o w n  (8 7 , 96) to  
o c c u r r e a d i ly  in  aqueous a c id  and th e  re s u lt in g  s o lu tio n  co n ta in s  
an  e q u il ib r iu m  m ix tu r e  o f in d o le , i ts  d im e r ,  and t r i m e r  and t h e ir  
s a lts  (9 7 ) .
T r e ib s  and H e r r m a n  (6 0 a ) have suggested  th a t fo rm a t io n  
of a d ip y r ry lp h e n y lm e th a n e  ( X L IX ) ,  w h ic h  is  c o lo u r le s s , m a y
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acco u n t fo r  the fa d in g . H o w e v e r , M o rg a n  and S c h u n io r (8 3 ) have  
is o la te d  the c o lo u re d  com pound (L )  f r o m  th e  re a c t io n  of 
the  in i t ia l  E h r l ic h  p ro d u c t w ith  a fu r t h e r  m o le  o f p y r r o le - 2 - c a r b o x y l ic  
a c id . F u r t h e r  e v id e n c e  e x is ts  to  c a s t doubts on th e  above tw o  
e x p la n a tio n s  o f c o lo u r  fa d in g . F i r s t l y ,  the  p y r r o le  c o n c e n tra tio n  
is  so s m a ll (10  ^ M ) u n d e r  th e  k in e t ic  c o n d itio n s  u se d  th a t i t  s e e m s  
u n lik e ly  th a t  p o ly m e r is a t io n  c o u ld  o c c u r and , secondly, w ith  such a 
la r g e  e xc es s  o f D M A B  o v e r  p y r r o le  i t  is  v e r y  u n l ik e ly  th a t any  
u n re a c te d  p y r r o le  w o u ld  be a v a ila b le  to  u n d e rg o  fu r th e r  re a c t io n  
w ith  th e  in i t ia l  E h r l ic h  p ro d u c t to  g ive  com pounds such as  ( X L I X ) ,
A  m o re  l ik e ly  e x p la n a tio n  c a n  be fo u n d , h o w e v e r , in  th e  
fo rm a t io n  o f th e  s im p le , c o lo u r le s s , d i-p ro to n a te d  s a lt (E l)  (98 ) 
of th e  in i t ia l  p ro d u c t, fo rm e d  u n d e r ac id  c o n d it io n s . T h e  
fo r m a t io n  o f th is  com pound does not s u ffe r  f r o m  a n y  o f th e  d ra w b a c k s  
m e n tio n e d  above and u n d e r the a c id  c o n d itio n s  found  in  th e  k in e t ic  
stu d ies  i ts  fo r m a t io n  m a y  b e  e x p e c te d .
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E x p e r im e n ta l .  -  
M a t e r ia ls .  -
P y r r o le ,  N - m e t h y lp y r r o le ,  2 , 5 -d im e th y lp y r r o le ,  c ry p to ­
p y r r o le ,  p y r r o le - 2 - c a r b o x y l ic  a c id , p o rp h o b ilin o g e n  and in d o le  
w e re  o b ta in e d  c o m m e r c ia l ly .  2 - M e t h y l -  (6 1 ) ,  2 , 3 - d im e th y l-  (6 1 ) , 
2 , 3 , 5 - t r im e t h y l -  (6 1 ) ,  2 , 4 - d im e th y l-  (99 ) and 2 , 3 , 4 ,  5 - t e t r a m e t h y l -  
p y r r o le  (62 ) w e re  p re p a re d  by kn o w n  m e th o d s . P r e p a r a t io n  o f 3 ,4 -  
d im e th y lp y r r o le  b y  the  m e th o d  of S ta p fe r  and D 'A n d r e a  ( 100) w as  
u n s u c c e s s fu l b u t th e  com pound w as  r e a d i ly  o b ta in e d  b y  a n o th e r  
p u b lis h e d  ro u te  (6 1 ) .  T h e  N -m e th y la te d  p y r r o le s  w e re  p re p a re d  
b y re a c t io n  of th e  a p p ro p r ia te  m e th y lp y r r o le  w ith  p o ta s s iu m  and  
io d o m e th a n e  (6 1 ) .  A  s a m p le  o f 1, 3 , 4 - t r im e t h y lp y r r o le  w a s  a lso  
o b ta in e d  u s in g  th e  m e th o d  o f C h a p e lle  e t a l  (8 0 ) .  P y r r o le  t r i m e r  
w as p re p a re d  b y  th e  m e th o d  o f P o tts  and S m ith  (2 3 ) . 4 - D im e t h y l -
a m in o b e n z a ld e h y d e  and h y d ro c h lo r ic  a c id  w e re  A n a la R  g ra d e .
K in e t ic s .  -
T h e  p y r r o le s  w e re  d is t i l le d  o r  r e c r y s ta l l is e d  w h e re  
a p p ro p r ia te  p r io r  to  u s e . T h e  s p e c tra  o f the  c o lo u re d  p ro d u c ts  
w e re  re c o rd e d  on a U n ic a m  SPBOO s p e c tro m e te r ,
A  'C a n te r b u r y ' s to p p e d -flo w  s p e c tro p h o to m e te r  w a s  u sed  
fo r  m o s t o f the k in e t ic  s tu d ie s . A  v e r y  d ilu te  s o lu tio n  (1 0  ^ M )  
o f p y r r o le  in  d is t i l le d  w a te r  w as  p la c e d  in  one a r m  and D M A B  in  
s ta n d a rd  H C l  ( 0 .2 5  M  D M A B  in  3 M  H C l)  in  the  o th e r .  The  
o s c illo s c o p e  t r a c e  o b ta in e d  on m ix in g  w as  p h o to g ra p h e d . T h e
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w a v e le n g th s  used  fo r  the v a r io u s  p y r r o le s  w e re  th o s e  l is te d  
in  T a b le  5 . T h e  s low  re a c t io n  o f p y r r o le - 2 - c a r b o x y l ic  ac id  
w as e x a m in e d  on a U n ic a m  S P 500  s p e c tro p h o to m e te r . A s  
c o n s ta n t in f in ity  re a d in g s  w e re  not a t ta in a b le , th e  o b s e rv e d  ra te  
co n stan ts  w e re  c a lc u la te d  b y  th e  m e th o d  o f S w in b o u rn e  (65 ) and  
K e z d y  (6 4 ) (A p p e n d ix  2 ),
P ro d u c ts . -
D M A B  ( 1 ,5  g) w a s  d is s o lv e d  in  c a rb o n  te t r a c h lo r id e  (30  m l)  
and to  th is  w a s  added w a te r  (150  m l)  c o n ta in in g  2 d ro p s  of 
c o n c e n tra te d  H C l  and p y r r o le  (0 , 8 g) d is s o lv e d  in  c a rb o n  te t r a c h lo r id e  
(15  m l ) .  T h e  m ix tu r e  w as  re f lu x e d  fo r  3 h o u rs , c o o le d , the  w a te r  
la y e r  s e p a ra te d  and w a s h e d  w ith  e th e r  (3 x  25 m l ) .  T h e  s a lt w a s  
o b ta in ed  as a d a rk  s o lid  b y  e v a p o ra tio n  o f the  aqueous s o lu tio n .
N . m . r ,  s tu d ie s . -  
13T h e  C n . m . r ,  s p e c tru m  o f p y r r o le  t r i m e r  w a s  ta k e n  
w ith  c h lo ro fo rm  as  s o lv e n t and a n  in te r n a l  r e fe r e n c e  of T M S .
C h a p te r  3
A c id -c a ta ly s e d  h y d ro g e n -e x c h a n g e  in  m e th y lth io p h e n s
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In tro d u c t io n . -
T h io p h e n , l ik e  p y r r o le ,  u n d e rg o e s  fa c i le  e le c tro p h il ic  
s u b s titu tio n  and in  re c e n t  y e a rs  th e s e  s u b s titu tio n  re a c tio n s  
have b een  th e  s u b je c t o f n um erous  k in e t ic  and m e c h a n is t ic  s tu d ie s . 
T h u s , h a lo g é n a tio n  (1 0 1 ), a c y la t io n  and r e la te d  re a c tio n s  ( l O le ,  1 0 2 ), 
h y d ro g e n  exchange (1 0 3 ), re p la c e m e n t re a c tio n s  (1 0 4 ) , n it r a t io n  
(105 ) and m e r c u r a t io n  (10 5b ) h a v e  a l l  been  s tu d ied  q u a n t ita t iv e ly .
In  m o s t c a s e s , s u b s titu tio n  on th e  th io p h e n  r in g  p ro c e e d s  
by a s im i la r  m e c h a n is m  to  th a t fo r  th e  ana lo g o u s re a c t io n  o f b en zen e  
d e r iv a t iv e s .  T h e  ca se  o f h y d ro g e n -e x c h a n g e , on  w h ic h  e x te n s iv e  
k in e t ic  s tu d ies  have  b een  b a s e d , w i l l  be d is c u s s e d  l a t e r .  O ne of 
the  fe w  e x c e p tio n s  to th is  g e n e ra l s im i la r i t y  o f re a c t io n  m e c h a n is m s  
is  found in  m e r c u r a t io n  o f th io p h e n , w h e re  p r e l im in a r y  c o o rd in a tio n  
o f m e r c u r y  w ith  the s u lp h u r a to m  is  thought to o c c u r (1 0 6 ).
In  a l l  th e  e le c t r o p h il ic  s u b s titu tio n  re a c tio n s  f o r  w h ic h  d a ta  
a re  a v a ila b le ,  th io p h e n  is  m u c h  m o re  r e a c t iv e  th a n  b e n zen e ; its  
r e a c t iv i ty  b e in g  g e n e ra lly  c o m p a ra b le  to th a t of a n is o le . T h u s ,
9th io p h en  re a c ts  1 .7  x  10 t im e s  fa s te r  th a n  b e n ze n e  in  b ro m in a t io n  
(1 0 la ) ,  1 ,3  X 10^ in  c h lo r in a t io n  ( 1 0 l a ) , 9 x  10^ in  a c y la t io n  ( lO le )  
and f r o m  50 to  1250 t im e s  (a c c o rd in g  to  the c o n d itio n s ) in  n i t r a t io n  
(1 0 5 d , e , f ) .
O n  c o m p a r in g  th e  r e a c t iv i ty  of th io p h en  w ith  o th e r  f iv e -  
m e m b e re d  h e te ro a ro m a tic  s y s te m s  co n ta in in g  one h e te ro a to m , a l l  
e x is tin g  d a ta  show th a t i t  is  th e  le a s t  r e a c t iv e  to w a rd s  e le c t ro p h il ic  
a tta c k  o f the  s e r ie s :  p y r r o le  Z > fu ran  > te l lu r o p h e n  %>selenophen  
th io p h e n  (1 0 1 c , 1 02b ).
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I t  is  w e l l  kn o w n  th a t e le c tro p h il ic  a tta c k  le a d s  to  a 
p re d o m in a n c e  o f 2 -  as  opposed to  3 - s u b s titu te d  p ro d u c ts . T h e  
p re fe re n c e  f o r  2 - s u b s titu tio n  can  be ra t io n a lis e d  b y  c o m p a rin g  
the e n e rg ie s  of the  p ro p o s e d  t r a n s it io n  s ta tes  le a d in g  to  2 -  and 3 -  
su b s titu te d  p ro d u c ts ; ta k in g  the  'W h e la n d ' in te rm e d ia te s  as m o d e ls  
f o r  the  t r a n s it io n  s ta te s  i t  is  p o s s ib le  to  w r i t e  th r e e  l im it in g  
re s o n a n c e  s tru c tu re s  fo r  the 2 -a t ta c k  and o n ly  tw o  fo r  th e  3 -a t ta c k .  
(T h e s e  s tru c tu re s  a r e  e s s e n t ia l ly  the  sam e as th o s e  g ive n  fo r  
p y r r o le  in  the  G e n e ra l In t ro d u c t io n .)  I t  is  a ls o  found th a t the  
is o m e r  d is tr ib u t io n  o f p ro d u c ts  is  dependent on the n a tu re  o f th e  
e le c tro p h ile ;  in  g e n e ra l the 2 :3  r a t io  is  g r e a te r  w hen the  e le c tro p h ile  
is  m i ld e r .  Q i c o m p a r in g  th is  p ro p e r ty  o f th io p h e n  w ith  th a t o f o th e r  
f iv e -m e m b e r e d  h e te ro c y lic  r in g  s y s te m s , a lth o u g h  d a ta  fo r  a  
hom ogenous c o m p a r is o n  u n d e r s t r ic t ly  e q u iv a le n t c o n d itio n s  a re  
not y e t a v a ila b le ,  a l l  e x is t in g  d a ta  seem  to  c o n f ir m  the g e n e ra l  
v a l id ity  o f the fo llo w in g  o r d e r  fo r  the 2 -o r ie n ta t in g  p o w e r: 
fu ra n  ^  th io p h e n  J ) ^ p y r r o le .
In  th e  c a se  of h y d ro g e n -e x c h a n g e  in  th io p h e n s , w h e re  
e x te n s iv e  d a ta  a re  a v a ila b le  (1 0 3 ) ,  i t  is  a ls o  found th a t th e  r a te  
o f re a c t io n  a t th e  2 -p o s it io n  is  m u c h  g r e a te r  th a n  th a t a t the
3 -p o s it io n . T h is  is  in  c o n tra s t  to  th e  s itu a tio n  found in  p y r r o le  
w h e re  the  exchange r a te  at both  p o s itio n s  is  s im i la r .
I t  is  in te r e s t in g  to  c o m p a re  th ese  e x p e r im e n ta l re s u lts  
w ith  the p re d ic te d  r e a c t iv i t y  o f th io p h en  b ased  on th e o r e t ic a l  
s tu d ie s . T w o  re c e n t  th e o r e t ic a l  s tu d ies  h a ve  been  u n d e rta k e n  
(1 0 7 , 108) and the  v a lu e s  fo r  th e  F r e e  V a le n c e  In d e x , the
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S u p e rd e lo c a lis a b il ity  and th e  W h e la n d *s  L o c a lis a t io n  E n e rg y  
d e r iv e d  by K  la  sine and H u m  sk i (1 0 7 ) a r e  g iv e n  in  T a b le  11 .
T a b le  11 
R e a c t iv ity  in d ic e s  of th io p h en
P o s it io n  F r e e  v a le n c e  in d e x  S u p e rd e lo c a lis a b il ity  W h e la n d 's
L o c a lis a t io n  E n e rg y
( F r )  (S r) (L"^r)
2 0 . 523 1 .3 6 4  1 .7 3 4
3 0 .3 9 1  1 .0 4 6  2 .2 8 9
T h e  F r e e  V a le n c e  In d e x  is  c lo s e ly  r e la te d  to  th e  T T -e le c tro n  
d e n s ity  a s s o c ia te d  w ith  a to m  r  o f the  r in g  w h e re a s  th e  S u p e rd e lo c a lis ­
a b i l i ty  is  d e r iv e d  by a p p lic a t io n  of p e r tu rb a t io n  th e o ry  to a m o d e l 
in  w h ich  the in c o m in g  g ro u p  fo r m s  a w e ak  TT-bond to a to m  r  o f an  
o th e rw is e  u n m o d ifie d  TT - s y s te m . T h e  W h e la n d 's  L o c a lis a t io n  
E n e rg y  is  th e  'TT-bonding e n e rg y  re q u ire d  to  is o la te  tw o  e le c tro n s  
at p o s itio n  r  f r o m  the re m a in d e r  of the T T -n e tw o rk .
M a r in o  (1 0 9 ) has a rg u e d  th a t th e  h ig h  r e a c t iv i ty  o f th io p h e n , 
as c o m p a re d  w ith  b e n ze n e , to w a rd s  e le c tro p h ile s  does not depend  
on a h igh  e le c tro n  d e n s ity  on the  c a rb o n  a to m s  in  th e  ground  s ta te .
T h is  he b a se s  on th e  fa c t  th a t the d ip o le  m o m e n t in  th io p h en  is  
d ire c te d  f r o m  th e  r in g  to  th e  h e te ro a to m  (109 ) and the  e x p e r im e n ta l  
o b s e rv a tio n  th a t  th io p h e n  com pounds a re  m o re  r e a c t iv e  th an  the  
c o rre s p o n d in g  b en zen e  d e r iv a t iv e s  to w a rd s  n u c le o p h ilic  s u b s titu tio n  
(1 1 0 ) . T h e  d if fe re n c e  in  th e  v a lu e  of th e  F r e e  V a le n c e  In d e x  fo r
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th e  2 -p o s it io n  o f th io p h e n  (T a b le  11) and th e  v a lu e  of 0 ,3 9 9  fo r  
b en zen e  (11 la )  is ,  h o w e v e r , s ig n if ic a n t and i t  w o u ld  seem  
re a s o n a b le  to  e x p e c t th a t th is  d if fe re n c e  w o u ld  a cco u n t, in  p a r t ,  
fo r  the  g r e a te r  r e a c t iv i t y  o f th io p h e n . T h e  fa c t  th a t the d ip o le  
m o m e n t o f th io p h e n  is  d ire c te d  to w a rd s  the h e te ro a to m  m a y  
s im p ly  be due to  th e  h ig h  e le c tro n  d e n s ity  a s s o c ia te d  w ith  the  
su lp h u r a to m . T h e  lo w  lo c a lis a t io n  e n e rg y  o f th io p h e n  (T a b le  11) 
as c o m p a re d  to  th a t  o f b e n ze n e  (2 .5 3 6 )  (11 lb )  is  a ls o  c o n s is te n t  
w ith  the g r e a te r  r e a c t iv i t y  o f the  f o r m e r .
T h e  r e a c t iv i ty  in d ic e s  g iv e n  in  T a b le  11 a re  a l l  c o n s is te n t  
w ith  the fa c t  th a t the m a in  p ro d u c t of e le c t r o p h il ic  a tta c k  on 
th io p h en  is  th e  2 - s u b s titu te d  com pound and th a t the  ra te  of 
s u b s titu tio n  is  g re a te r  a t the 2 -p o s it io n  th a n  at the 3 -p o s it io n .
T h e s e  f in d in g s  can  be c o m p a re d  w ith  the  c o rre s p o n d in g  
re s u lts  fo r  p y r r o le  w h e re  2 - s u b s titu te d  p ro d u c ts  p re d o m in a te  but 
th e  ra te s  of e le c t r o p h il ic  s u b s titu tio n  a t th e  2 -  and 3 -p o s it io n s  a re  
s im i la r  (C h a p te r  1 ). T h e  p r o p e r t ie s  o f p y r r o le  p e r t in e n t  to  t h is  
d is c u s s io n  a re  g iv e n  in  T a b le  12.
T a b le  12
C h a rg e  d e n s it ie s  and lo c a lis a t io n  e n e rg ie s  fo r  p y r r o le
P o s it io n  C h arg e  D e n s it ie s  L o c a lis a t io n  E n e rg y
a b c d  ^ +L  r
1 0 .3 8 2  0 .4 3 6  0 .3 6 4  - 0 .  10
2 - 0 .0 9 0  - 0 .1 0 2  - 0 .0 7 2  0 .0 7  1 .4 8 4 4  b
3 - 0 .1 0 1  - 0 .1 1 6  - 0 .1 1 0  - 0 .0 3  1 .6 4 1 2  b
a r e f .  112 H u c k e l m eth o d
b r e f .  113 H u c k e l m eth o d
c r e f .  114 S C F  m e th o d
d r e f .  33 IN D O  m eth o d
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T h e  lo c a lis a t io n  e n e rg ie s  fo r  p y r r o le  a r e  c o n s is te n t  
w ith  the fa c t  th a t  2 - su b s titu te d  p ro d u c ts  p re d o m in a te  and th e  
fa c t  th a t th e y  a re  s m a lle r  th a n  th e  c o rre s p o n d in g  v a lu e s  fo r  
th io p h e n  (T a b le  11) is  in  a g re e m e n t w ith  th e  g r e a te r  r e a c t iv i ty  
of p y r r o le  th a n  th io p h e n  to w a rd s  e le c t r o p h il ic  s u b s titu tio n . 
A lth o u g h  the a b s o lu te  v a lu e s  f o r  the c h a rg e  d e n s it ie s  round  the  
p y r r o le  r in g  depend on th e  m e th o d  of c a lc u la t io n  (T a b le  12) the  
im p o r ta n t  fe a tu r e  is  th a t the p -c a rb o n  is  s lig h t ly  m o r e  e le c t r o ­
n e g a tiv e  th a n  the n -c a r b o n . T h is  is  in  c o n tra s t  to  th e  s itu a tio n  
found in  th io p h e n  w h e re  th e  a -c a r b o n  is  the  m o r e  e le c t r o n - r ic h .  
T h is  d if fe re n c e  can  be u sed  to  e x p la in  w hy th e  or:j3 re a c t io n  ra te  
r a t io  fo r  p y r r o le  is  so d if fe r e n t  f r o m  th a t found  in  th io p h e n .
T h u s , as an e le c tro p h ile  a p p ro a c h e s  e ith e r  o f th e s e  com pounds  
i t  w i l l  be a t t ra c te d  to  th e  s ite  o f h ig h e s t n e g a tiv e  c h a rg e  w h ic h  
in  th e  case  o f th io p h e n  is  the  2 -p o s it io n  w h e re a s  in  p y r r o le  the  
3 -p o s it io n  is  th e  s lig h t ly  m o re  n e g a tiv e . T h e  fa c t  that re a c t io n  
ra te s  a re  a p p ro x im a te ly  e q u a l f o r  the tw o  p o s itio n s  in  p y r r o le  (a t  
le a s t  in  the c as e  o f h y d ro g e n -e x c h a n g e ) has b e e n  d is c u s s e d  e a r l i e r  
and is  p ro b a b ly  due to  th e  fa c t  th a t  bond b end ing  w ith in  the p y r r o le  
r in g  can  re v e rs e  th e  o rd e r  of e le c tro n e g a t iv ity  found a t th e  o > - and  
(3 -c a rb o n s .
In  c o n c lu s io n , th e r e fo r e ,  both  the p re d o m in a n t p ro d u c t  
fo rm e d  f r o m ,  and the r e la t iv e  ra te  o f, e le c t r o p h il ic  s u b s titu tio n  
on th e s e  r in g  s y s te m s  can  be p re d ic te d  u s in g  th e  r e a c t iv i ty  in d ic e s  
c o n s id e re d  ab o ve . T h u s , th e  p ro d u c t r a t io  found  a t e q u il ib r iu m
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is  w h o lly  dependent on the  th e rm o d y n a m ic s  o f th e  s y s te m  and  
is  b e s t m o n ito re d  by the  lo c a lis a t io n  e n e rg ie s  o f th e  v a r io u s  
p o s itio n s  on th e  r in g s .  H o w e v e r ,  th e  re a c tio n  ra te s  a t th es e  
p o s it io n s , w h ic h  depend on th e  r a te  of a tta c k  of the  e le c t ro p h ile ,  
a re  b e s t u n d e rs to o d  in  te r m s  of th e  F r e e  V a le n c e  In d e x  (o r  
e le c tr o n e g a t iv ity ) ,  a p r o p e r ty  of the g ro u n d  s ta te  m o le c u le .
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R e s u lts  and d is c u s s io n . -
T h is  study re p re s e n ts  an a tte m p t to  d e te rm in e  th e  
q u a n tita t iv e  e ffe c t o f m e th y l g ro u p s on the k in e t ic s  of h y d ro g e n -  
exchange in  th io p h en s  in  a c id ic  m e d ia . T h e  th io p h en s  used  w e re  
2 - m e t h y l - ,  3 - m e t h y l - ,  2 , 3 - d im e t h y l - , 2 , 4 - d im e th y l-  and 2 , 5 -  
d im e th y lth io p h e n . D u e  to  e x p e r im e n ta l d if f ic u lt ie s  no a tte m p t  
w as m a d e  to  m e a s u re  th e  ra te s  o f exchange a t tw o  p o s itio n s  of 
s im i la r  r e a c t iv i ty  in  th e  sam e m o le c u le . T h u s , fo r  2 - m e t h y l-  
th io p h e n , w h e re  th e  3 -  and 4 -p o s it io n s  a re  c h e m ic a lly  d if fe r e n t  
but s im i la r  in  r e a c t iv i t y ,  o n ly  exchange a t the 5 -p o s it io n  w as  
m e a s u re d . T h e  fa c t  th a t th e  r e a c t iv i t ie s  of th e  2 -  and 3 -p o s it io n s  
of th io p h e n  a r e  so v e r y  d if fe re n t  m a d e  i t  e a s y  to  study exchange  
a t e ith e r  p o s it io n , to  th e  e x c lu s io n  o f th e  o th e r , by v a ry in g  the  
a c id  c o n c e n tra t io n  u s e d .
T h e  exchange ra te s  o b ta in ed  fo r  the 2 -p o s it io n  in  0 .0 8 5  M
p e r c h lo r ic  a c id  a r e  g iven  in  T a b le  13 . E x tr a p o la t io n  o f the
r e s u lts  o f B u t le r  and H e n d ry  (1 0 3 f) to 0 ,0 8 3  M  a c id  g iv es  a v a lu e
-7  -1o f k ^ ^ ^  fo r  p r o to d e t r i t ia t io n  o f 2 - t r it io th io p h e n  of 1, 15 x  10 s 
at 2 5 ^ G . T h is  f ig u r e ,  c o m b in e d  w ith  th e  r e s u lts  in  T a b le  13, 
g iv e s  the  a c t iv a t in g  e ffe c t  o f a m e th y l g roup  a t p o s it io n s  3, 4 
and 5 on the r a te  o f exchange a t th e  2 -p o s it io n  (T a b le  14 ).
T h e  e x tra p o la t io n  o f th e  re s u lts  o f B u t le r  and H e n d ry  ( I0 3 f )  
is  a lo n g  one and so the  v a lu e  in  T a b le  14 fo r  the a c t iv a t in g  e ffe c t  
of the 5 -m e th y l  g roup  is  s u b je c t to  u n c e r ta in ty .  T h e r e  is  a ls o  a 
s m a ll e r r o r  due to  th e  d if fe re n c e  in  te m p e ra tu re  o f th e  tw o
5.5
Tab le 13
P r o to d e t r i t ia t io n  o f s u b s titu te d  2 - t r i t io th io p h e n  in  0 .0 8 5  M
aqueous p e r c h lo r ic  a c id
S u b s titu e n t (s)
(a) 5 -m e th y l
T e m p e r a tu r e  (°C )
2 7 .0
3 5 .2
4 5 .3  
5 5 .2
2 .2 3
4 .6 2
9 .3 6
1 8 .4
(b) 4 , 5 - d im e th y l
(2 , 3 -d im e th y l)
2 7 .3  
3 5 .2  
4 5 .0  
5 5 . 1
2 . 63 
5 . 10 
10. 8 
2 3 .3
(c) 3 , 5 - d im e th y l)
(2 , 4 -d im e th y l)
2 7 .3
3 5 .2
4 5 .0
5 5 .1
65 . 3 
108  
212 
444
T a b le  14
A c t iv a t in g  e f fe c t  o f a m e th y l g ro u p  to w a rd s  h y d ro g e n -e x c h a n g e
a t th e  2 -p o s it io n  of the th io p h e n  r in g  a t 27 C
C om pounds P o s it io n  of P o s it io n  of
c o m p a re d  p r o to d e t r i t ia t io n  m e th y l g roup
th io p h e n  „
and (a )
(a) and (b) 2 4
(a ) and (c ) 2 3
A c tiv a t in g
e ffe c t
194
1 . 2
29
d e te rm in a t io n s . H o w e v e r , th e  v a lu e  o b ta in e d  a g re e s  w e ll  w ith  
th a t  (c a . 200) d e te rm in e d  b y  B u t le r  and E a b o rn  (103g ) fo r  
p r o to d e t r i t ia t io n  in  t r i f lu o r o a c e t ic  a c id .
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C om pounds (b) and (c) c o n ta in  tw o  m e th y l g roups and th e  
e ffe c t of the  second m e th y l g roup  on the ra te  of p r o to d e tr it ia t io n  
is  m o re  d i f f ic u lt  to  u n d e rs ta n d . T h e  e ffe c t o f a m e th y l g roup  a t  
the 'd ia g o n a l' p o s it io n  in  (b) is  s m a ll,  but th is  is  no t u n ex p ec te d  
as th e re  is  no re s o n a n c e  e ffe c t in  th e  'W h e la n d ' in te rm e d ia te  fo r  
a m e th y l g ro u p  a t th a t p o s it io n . T h e  e ffe c t of an e x tra  m e th y l 
group  a t the  3 -p o s it io n  in  (c) on exchange a t the 2 -p o s it io n  is  
s u rp r is in g ly  s m a ll .  S h a te n s h te in  et a l (115) r e p o r t  th a t 3 - m e t h y l -  
2 - 1 r it io th io p h e n  p ro to d e tr it ia te s  in  t r i f lu o r o a c e t ic  a c id  340 t im e s  
fa s te r  th an  2 - t r it io th io p h e n . T h is  m a y  be c o m p a re d  w ith  the  
a c t iv a t in g  e f fe c t  o f a 5 -m e th y l  group of 194 re p o r te d  by B u t le r  
and E a b o rn  (1 0 3 g ), T h u s , i t  w ou ld  be ex p e c te d  th a t a m e th y l 
g roup  a t the 3 - p o s it io n  w o u ld  have  a s im i la r  e ffe c t to  th a t o f a 
5 -m e th y l g ro u p . H o w e v e r , th e  p re s e n t r e s u lts  in d ic a te  th a t , w ith  
both  m e th y l g ro u p s  p re s e n t  in  the m o le c u le , t h e i r  e ffe c ts  on  
p ro to d e t r i t ia t io n  a r e  no t a d d it iv e .
T h e r e  is  no e v id e n c e  f r o m  p re v io u s  w o rk  th a t , in  th io p h e n  
com pou nds, th e  e ffe c ts  o f tw o m e th y l g roups a re  a d d it iv e . A n s e ll  
and T a y lo r  (116 ) found  th a t a c tiv a t in g  e ffe c ts  w e re  not a d d it iv e  in  
the  p r o to d e tr i t ia t io n  of t r i t ia t e d  x y le n e s . K a t r i t z k y  et a l  (1 1 7 )  
h ave  re p o r te d  s im i la r  b e h a v io u r  w ith  a n u m b e r of 5 -m e m b e re d  
a ro m a tic  h e te ro c y c le s . H o w e v e r , th e s e  e ffe c ts  a re  s m a l le r  th a n  
th a t  o b s e rv e d  in  th e  p re s e n t  w o r k .  A  m o re  d ir e c t  c o m p a r is o n  can  
be m ad e  w ith  th e  w o rk  o f S h a te n s h te in  e t a l  (1 1 8 ) on the
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p ro to d e d e u te ra t io n  o f d e u te r ia te d  p h e n y lth io p h e n e s . F o r  exchange  
at th e  2 -p o s it io n  both  5 -  and 3 -p h e n y l g roups a c t iv a te  th e  re a c t io n  
to  c o m p a ra b le  e x te n ts . O n th e  o th e r  h an d , w ith  4 , 5 -d ip h e n y lth io p h e n  
exchange is  a c tu a lly  s lig h tly  s lo w e r  th an  w ith  5 - p h e n y lth io p h e n , a 
r e s u lt  w h ic h  is  in  a g re e m e n t w ith  the above re s u lt  fo r  4 , 5 -d im e t h y l -  
th io p h e n . H o w e v e r , th e s e  w o rk e rs  found th a t in  3, 5 -d ip h e n y lth io p h e n  
the e ffe c t of the p h e n y l g ro u p s  is  a d d it iv e . T h e  r e s u lt  g iv e n  above  
fo r  3 , 5 -  d im e  th  y lth i  ophe n is  not in  a g re e m e n t w ith  th is  o b s e rv a tio n  
and th e re  is  no obv io u s  e x p la n a tio n  fo r  th is .  T h e  v a lu e  fo r  th e  
5 -m e th y l g ro u p , ow in g  to  th e  long  e x tra p o la t io n , is  s u b je c t to  
c o n s id e ra b le  u n c e r ta in ty  and the  d if fe re n c e  b e tw e e n  the  re s u lts  
g iv en  in  T a b le  14 and th o se  of S h a te n s h te in  m a y  be le s s  th an  the  
f ig u re s  su g g es t. O n th e  o th e r  hand i t  m a y  be g r e a t e r .
F r o m  th e  r e s u lts  re c o rd e d  in  T a b le  13 a c t iv a t io n  p a r a m e te r s  
fo r  p r o to d e t r i t ia t io n  a t th e  2 -p o s it io n  h ave  b een  c a lc u la te d  
(T a b le  15) (A p p e n d ix  5 ) ,
T a b le  15
A c t iv a t io n  p a r a m e te r s  fo r  the p r o to d e tr it ia t io n  o f m e th y lth io p h e n s
at 4 0 °G
C om pound [H C IO ^  ] (M ) P o s it io n  o f  
p r o to d e tr i t ia t io n
AH**"
(K c a l m o l ) (c a l m o l
(a) 0 .0 8 5 2 1 4 . 0 ( l 0 . 3 ) -3 3  ( I z )
(b) 0 .0 8 5 2 1 4 .6 (+ 0 .3 ) -3 1  (+ 2 )
(c) 0 .0 8 5 2 1 3 .6 (+ 0 .5 ) - 2 8  (+2)
(d) 3. 95 3 1 6 . 4 ( i 0 .  5) -2 1  (+ 2 )
(e) 3 .9 5 3 1 6 .0 ( 1 0 .4 ) -2 2  ( l2 )
(f) 3 .9 5 3 1 5 .5 ( t 0 .5 ) -2 3  (+2)
(g) 3 . 95 3(4) 1 3 .4 (+ 0 .4 ) -3 1  ( l2 )
N o te s : f o r  com pounds (a ) ,  (b) and (c) see T a b le  13
fo r  com pounds (d ) , (e ) ,  (f) and (g) see T a b le  16
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C han g es  in  th e  ra te  of re a c t io n  a re  due to  ch an g es  in  th e
e n th a lp y  o f a c t iv a t io n  an d , as f a r  as can be ju d g e d  f r o m  the l im it e d
-1 -1d a ta , the  e n tro p y  of a c t iv a t io n  re m a in s  c o n s tan t a t c a , 31 c a l m o l K  
T h is  v a lu e  is  v e r y  d if fe r e n t  f r o m  th a t m e a s u re d  by B u t le r  and H e n d ry  
(1 0 3 f) fo r  p r o to d e t r i t ia t io n  o f th io p h e n  in  c o n c e n tra te d  s u lp h u ric  
a c id  (1 4 . 6 c a l m o l ^ ). T h is  is  p ro b a b ly  due to  d if fe re n c e s  in  
h y d ra t io n  o f the  p ro to n  in  th e  tw o m e d ia .
H y d ro g e n  exchange a t th e  3 -p o s it io n  o f th io p h e n  is  m u c h  
s lo w e r th a n  a t the 2 -p o s it io n  and re s u lts  f o r  the  p r o to d e t r i t ia t io n  o f 
su b s titu te d  3 - t r i t io th io p h e n  in  3 . 95 M  p e r c h lo r ic  a c id  a re  g iv e n  in  
T a b le  16,
T a b le  16
P r o to d e t r i t ia t io n  o f s u b s titu te d  3 - t r i t io th io p h e n  in  3 .9 5  M  aqueous
p e r c h lo r ic  a c id
( S ' ' )S u b s titu e n t ( s) T e m p e r a tu r e  (°C ) 10 k  ,obs
(d) 4 -m e th y l 2 7 .0 0 . 166
(3 -m e th y l) 3 5 .2 0 .3 1 1
4 5 .3 1 .0 2
5 5 ,2 1 .8 6
(e) 4 , 5 -d im e th y l 2 7 .0 0 .2 8 0
(2 , 3 -d im e th y l) 3 5 ,2 0 ,6 4 3
4 5 ,5 1 .3 1
5 5 ,0 2 .9 4
(f) 2 , 4 -d im e th y l 2 7 .0 0 .2 8 2
3 5 .2 0 .4 9 1
4 5 ,3 1 .2 9
5 5 ,2 2 .2 4
(g) 2 , 5 -d im e th y l 2 7 ,0 0 . 154
3 5 .2 0 ,2 8 6
4 5 .5 0 .5 6 6
5 5 .0 0 . 966
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E x c h a n g e  w ith  u n s u b s titu te d  3 - t r i t io th io p h e n  in  th is  a c id  
w as found to  be too  s lo w  to d e te rm in e  and so th e re  is  no m e a s u re  
of the  e ffe c t  o f a s in g le  m e th y l g roup  at the 4 -p o s it io n . H o w e v e r , 
c o m p a r is o n  of the  v a lu e s  o f fo r  (e ) and (f) w ith  th o se  fo r  (d)
shows th a t in tro d u c tio n  of a second m e th y l g ro u p , w h e re v e r  i t  is  
lo c a te d , has v e r y  l i t t l e  e ffe c t  on the r a te .  F o r  a 5 - m e th y l g ro u p  
th is  is  re a s o n a b le  as i t  is  d ia g o n a lly  s itu a te d  w ith  re s p e c t to  the  
s ite  o f re a c t io n , A  m u c h  la r g e r  e ffe c t  is  a n tic ip a te d  fo r  a m e th y l  
group  a t the 2 -p o s it io n , as in  ( f ) ,  as  h e re  the  s u b s titu e n t is  o rth o  
to th e  s ite  o f r e a c t io n .  E v e n  i f  the  e ffe c t  o f a second m e th y l 
g roup  is  not a d d it iv e , th e  a c t iv a t in g  e ffe c t of th a t g ro u p  is  s t i l l  
s u rp r is in g ly  s m a ll .  I t  is  m u c h  le s s  th an  the e f fe c t  of a 3 -m e th y l  
group on exchange a t the 2 -p o s it io n . T h e re  is  an e x p la n a tio n  fo r  
th is ,  h o w e v e r . O ne d is t in c t iv e  fe a tu re  of the th io p h e n  r in g  is  the  
la r g e  d if fe re n c e  in  r e a c t iv i t ie s  o f the 2 -  and 3 -p o s it io n s , m u c h  
l a r g e r  th a n  fo r  p y r r o le .  I f  in tro d u c tio n  o f a m e th y l su b s titu e n t  
lo w e rs  the a c t iv a t io n  e n e rg y  o f r e a c t io n  b y  a s im i la r  a m o u n t, th e n  
a m e th y l g roup  w i l l  a f fe c t  th e  re a c t io n  ra te  a t th e  2 -p o s it io n  m u c h  
m o re  th an  a t th e  3 -p o s it io n . T h e  su b s titu e n t e ffe c t  f o r  com pound  
(f) is  c o n s is te n t w ith  th is  a n a ly s is .
O ne o th e r  e ffe c t o f m e th y l s u b s titu tio n  on th e  th io p h en  r in g
should be c o n s id e re d  h e r e .  In  p y r r o le  c h e m is t ry  i t  is  found  th a t  
m e th y l g roups  a tta c h e d  to  th e  p y r r o le  r in g  in c re a s e  the b a s ic ity  
of the p y r r o le  c o n s id e ra b ly  and should a s im i la r  s itu a tio n  o c c u r  in  
th io p h e n  c h e m is try  th is  co u ld  a f fe c t  the  k in e t ic s  o f h yd ro g e n  exch an g e . 
T h u s , in  the  study o f h y d ro g e n -e x c h a n g e  a t th e  3 -p o s it io n  o f th io p h e n .
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a llo w a n c e  w o u ld  have  to  be m a d e  fo r  a n y  p ro to n a tio n  a t the
2 -p o s it io n  w h ic h  w o u ld  re n d e r  som e of the tr it io th io p h e n  un re a c t iv e  
(S chem e 10). In tro d u c t io n  of a m e th y l group  in to  the 2 -p o s it io n  of 
the th io p h e n  r in g , fo r  e x a m p le , m a y  in c re a s e  th e  b a s ic ity  o f the  
5 -  and 3 -p o s it io n  in  an  ana lo g o u s w a y  to  th a t found in  p y r r o le .
T h is  w o u ld  m e a n  th a t th e  v a lu e  o f w o u ld  be in c re a s e d  and  
su b seq u en tly  an  in c re a s e  in  th e  ra te  of p r o to d e t r i t ia t io n  w o u ld  be  
e x p e c te d . H o w e v e r , the v a lu e  of k^ w ou ld  a ls o  be in c re a s e d  and  
th e r e fo r e  a h ig h e r  p ro p o r t io n  o f the tr i t io th io p h e n  w ou ld  be in  the  
u n re a c t iv e  2 -p ro to n a te d  f o r m . I f  the in tro d u c tio n  of the m e th y l  
group  h as  th e  s a m e  e ffe c t  on k^  ^ as  on k^  th e n  no o v e r a l l  in c re a s e  
in  the  r a te  o f p ro to d e t r i t ia t io n  m a y  be o b s e rv e d . T h is  co u ld  
e x p la in  the re s u lts  g iv en  in  T a b le  16 . H o w e v e r , th e  o n ly  e v id e n c e  
f r o m  th e  l i t e r a t u r e  th a t th io p h e n s  p ro to n a te  to  an y  a p p re c ia b le  
e x te n t is  found in  the w o rk  of H o g e v e e n  (11 9 ) w h e re  th e  n . m . r .  
s p e c tru m  in  H F  a t - 60 °G  of th e  2 -p ro to n a te d  s p e c ie s  is  re c o rd e d .
A n  a tte m p t w as  m a d e , th e r e fo r e ,  to  d e te rm in e  i f  p ro to n a tio n  o c c u rs  
u n d e r le s s  e x tre m e  e x p e r im e n ta l c o n d itio n s  by re c o rd in g  th e  u . v .  
s p e c tra  o f s e v e ra l m e th y lth io p h e n s  in  a ra n g e  o f aqueous s u lp h u ric
a c id  m ix tu r e s  (10%  -----> 7 0%  H ^ S O ^ ), Should  p ro to n a tio n  o c c u r , a
change in  the  s p e c tra  s im i la r  to th a t o b s e rv e d  b y  G h ian g  and W h ip p le  
(5 8 ) fo r  p y r r o le s  w o u ld  be e x p e c te d . H o w e v e r , on c o m p a r in g  the  
s p e c tra  o f th e  th io p h en s  re c o rd e d  in  d is t i l le d  w a te r  and in  th e  a c id  
so lu tio n s  ab o ve , no s ig n if ic a n t changes w e re  n o te d . T h is ,  p re s u m a b ly ,  
m e a n s  th a t no s ig n if ic a n t p ro to n a tio n  o c c u rs  u n d e r  th e s e  c o n d itio n s
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and th e r e fo r e  no a llo w a n c e  n e ed  be m ad e  fo r  i t  in  th e  p re s e n t  
study .
A c t iv a t io n  p a r a m e te r s  f o r  p ro to d e t r i t ia t io n  at the  3 -p o s it io n  
h ave  b een  c a lc u la te d  f r o m  th e  d a ta  in  T a b le  16 and a re  g iv e n  in  
T a b le  15 (A p p e n d ix  5 ) . T h e  d if fe re n c e  in  the r e a c t iv i ty  of the  2 -
3 -p o s it io n s  is  cau sed  b y  changes  in  both  th e  e n th a lp y  and e n tro p y  
of a c t iv a t io n . T h e  s itu a tio n  is  c o m p lic a te d  by the fa c t  th e  p a r a m e te r s  
w e re  d e te rm in e d  a t d if fe r e n t  a c id it ie s  and, as  has  a lre a d y  b een  n o te d , 
th is  m a y  cau se  a change in  th e  e n tro p y  o f a c t iv a t io n . T h e  a c t iv a t in g  
p a ra m e te r s  fo r  p ro to d e t r i t ia t io n  o f 2 , 5 - d im e t h y l - 3 - t r i t io th io p h e n  
a re  s ig n if ic a n t ly  d if fe r e n t  f r o m  th o se  f o r  exchange at the 3 -p o s it io n  
w ith  com pounds (d ), (e ) and ( f ) .  T h e r e  is  no obv ious  e x p la n a tio n  
fo r  th is .  T h e  m o re  n e g a tiv e  v a lu e  of f o r  (g) co u ld  in d ic a te
a change in  m e c h a n is m , bu t i t  is  d if f ic u lt  to  see w h a t th is  change  
co u ld  b e .
A  c o m p a r is o n  b e tw e e n  the tra n s m is s io n  o f s u b s titu en t 
e ffe c ts  in  th io p h e n  and p y r r o le  w ith  re s p e c t to  e le c t ro p h il ic  
s u b s titu tio n  can  now  be m a d e . T h e  la t t e r  s itu a tio n  h as  b een  
d is c u s s e d  in  C h a p te r  2 and a s im i la r  study h a s  b e en  m a d e  by  
B u t le r  e t a l  (6 8 ) on th e  re a c t io n  b e tw e e n  m e th y lp y r r o le s  and  
v a r io u s  d ia z o n iu m  s a lts .  In  th e  p y r r o le  re a c t io n  d is c u s s e d  in  
C h a p te r  2 a m e th y l g ro u p  a t the  5 -p o s it io n  h as  a s m a lle r  e ffe c t  
on re a c t io n  a t th e  2 -p o s it io n  th an  in  p r o to d e t r i t ia t io n  of 
2 - t r it io th io p h e n . T h e  re s u lts  in  T a b le  14 w o u ld  te n d  to  in d ic a te  
th a t  th e  e ffe c t  o f a 3 -m e th y l  g ro u p  on p ro to d e t r i t ia t io n  a t the
M e 5 >CH=N-N h c* h, ( n c;
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2 -p o s it io n  is  le s s  th an  th a t o f a 5 -m e th y l g ro u p . H o w e v e r , th is  
is  p ro b a b ly  due to  n o n -a d d it iv ity  of m e th y l g ro u p s in  p o ly m e th y l-  
th iophens d is c u s s e d  p re v io u s ly .  I f  th e  v a lu e  o f 340 f o r  th e  
a c tiv a t in g  e ffe c t  o f a 3 -m e th y l  group re p o r te d  b y  S h a te n s h te in  
(1 1 5 ) is  ta k e n  as  b e in g  m o re  ' r e a l i s t ic ' th e n  th is  is  c o m p a ra b le  
w ith  th e  v a lu e  o f 194 g ive n  in  T a b le  14 fo r  the a c t iv a t in g  e ffe c t  
of a 5 -m e th y l  g ro u p . T h is  is  a s im i la r  s itu a tio n  to  th a t found fo r  
p y r r o le ,  w h e re  the a c t iv a t in g  e ffe c ts  o f a 5 -m e th y l  and  a 3 -m e th y l  
g ro u p  on re a c t io n  at the 2 -p o s it io n  a r e  s im i la r  in  m a g n itu d e . I t  
should be no ted  th a t th e  m a g n itu d e  o f th e s e  a c t iv a t in g  e ffe c ts  found  
in  th e  th io p h e n  r in g  a re  g r e a te r  th an  th e  c o rre s p o n d in g  e ffe c ts  in  the  
p y r r o le  r in g .
In  a study of th e  re a c t io n  b e tw e e n  v a r io u s  p o ly m e th y l-  
th io p h en s  and 2 , 4 -d in it ro p h e n y ld ia z o n iu m  io n s  T e d d e r  e t a l (56 ) 
found th a t, as w e ll  as  th e  ex p e c te d  r in g  a tta c k , th e re  m a y  be  
re a c tio n  w ith  a m e th y l g ro u p . F o r  e x a m p le , 2 , 5 -d im e th y lth io p h e n  
re a c ts  to  g ive  (L>V) as  w e l l  as ( L V i ) , R e a c tio n  w ith  a m e th y l g ro u p  
does not o c c u r w ith  le s s  a c t iv a te d  b e n z e n e d ia z o n iu m  io n s , 
E le c t r o p h il ic  s u b s titu tio n  a t m e th y l g ro u p s  a tta c h e d  to  a ro m a t ic  
sy s te m s  is  no t u n c o m m o n . K h a rk h a ro v  (50 ) has re p o r te d  c o u p lin g  
of 4 -n itro b e n z e n e d ia z o n iu m  io n s  w ith  the  m e th y l g ro u p  in  
2 ,4 ,  6 - t r in it r o to lu e n e  and m o re  re c e n t ly  a r e p o r t  o f th e  c o u p lin g  o f 
2 , 3 -d im e th y lin d o le  w ith  2 -m e th y l-4 -n it r o b e n z e n e d ia z o n iu m  ions  
has a p p e a re d  in  th e  l i t e r a t u r e  (5 4 ) .  E le c t r o p h il ic  s u b s titu tio n  a t 
the 2 -m e th y l  g ro u p  o f 2 , 3 -d im e th y lth ia n o p h th a le n  h as  b een  
re p o r te d  by B o r  d w e ll (51 ) and e le c tro p h il ic  a tta c k  on m e th y l g ro u p s  
a tta c h e d  to  h e x a m e th y lb e n z e n e  and p o ly  a lk y l n a p h th a le n e s  has  a ls o
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been  d e s c r ib e d  (5 2 ) .  T h e  s p e c ific  c ase  o f h y d ro g e n -e x c h a n g e  
re a c tio n s  a t a c t iv e  m e th y l groups o f h e te ro c y c lic s  has been  
re v ie w e d  by B o lo g a  and G a rd  (1 2 0 ) . M o r e  r e c e n t ly ,  P a r h a m  and  
O ls e n  (55 ) h av e  re p o r te d  h y d ro g e n  exchange re a c tio n s  a t the  
m e th y l g ro u p s  o f m e th y lp y r id in e s  and E a b o rn  and W r ig h t  (53) 
have  m a d e  a study of exchange re a c tio n s  a t th e  m e th y l g roup  o f
2 -m e th y lb e n z o th io p h e n .
E a b o rn  and W r ig h t  (53 ) h av e  p ro p o s e d  th e  m e c h a n is m  show n
in  S c h e m e  11 fo r  m e th y l g ro u p  h y d ro  g e n -e x c h a n g e  and a s im i la r
m e c h a n is m  c o u ld  e x p la in  th e  fo r m a t io n  of ( l , V ) . T h e y  a ls o  r e p o r t
th a t , fo r  2 -m e th y lb e n z o th io p h e n , r in g  exchange is  a t le a s t  2000
t im e s  fa s te r  th a n  exchange a t the  m e th y l g ro u p , w h e re a s  fo r  the
re a c t io n  of 2 , 5 -d im e th y lth io p h e n  w ith  2 , 4 -d in itro b e n z e n e d ia z o n iu m
ions  (56 ) the  y ie ld s  o f p ro d u c ts  re s u lt in g  f r o m  r in g  and m e th y l group
a tta c k  w e re  ro u g h ly  e q u a l. T w o  im p o r ta n t  c o n s id e ra t io n s  should
be n o te d , h o w e v e r . F i r s t l y ,  the  o v e r a l l  y ie ld  of the re a c t io n
b e tw e e n  2 , 5 -d im e th y lth io p h e n  and th e  d ia z o n iu m  s a lt w as o n ly  27%
and s e c o n d ly , as  n o ted  in  C h a p te r  1, th e  r a t io  of p ro d u c ts  o b ta in ed
a t e q u il ib r iu m  in  a s y n th e tic  p re p a ra t io n  is  not n e c e s s a r i ly  re la te d
to  th e  r a te  o f e le c t r o p h il ic  a tta c k  le a d in g  to  th e s e  p ro d u c ts . I t
w as d e c id e d , h o w e v e r , to  e x a m in e  the  ra te  o f h y d ro g e n -
exchange at th e  m e th y l g ro u p s and c o m p a re  th is  w ith  the exchange
ra te  found a t  th e  r in g  of 2 , 5 -d im e th y lth io p h e n , F o r  exchange of th e
m e th y l g ro u p  h y d ro g e n s  k ^ ^ ^  in  3 ,9 5  M  p e r c h lo r ic  a c id  w as  found  
-5  -1to be 1 .2 9  X 10 s , o n ly  45  t im e s  s lo w e r  than  exchange o f a r in g  
p ro to n  in  the  sam e a c id . T h e r e fo r e ,  the v e r y  la r g e  d if fe re n c e  in
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the r e a c t iv i ty  o f r in g  and m e th y l group  p ro to n s , o b s e rv e d  w ith
2 -m e th y lb e n z o th io p h e n , does not a p p ly  to 2 , 5 -d im e th y lth io p h e n .
T e d d e r  e t a l (56 ) a ls o  m e a s u re d  h y d ro g e n  exchange at th e
m e th y l g ro u p s  o f a n u m b e r  o f m e th y lth io p h e n s  by e x a m in in g  
changes in  the  n .m .  r .  s p e c tra  w ith  t im e  w h en  the  com ponents  
w e re  d is s o lv e d  in  d e u te r io t r i f lu o r o a c e t ic  a c id . T h e y  o b s e rv e d  
im m e d ia te  exchange of a l l  th e  r in g  p ro to n s  fo llo w e d  by m u ch  s lo w e r  
exchange o f th e  p ro to n s  in  c e r ta in  m e th y l g ro u p s . G o re  (121 )  
re p o r ts  th a t  exchange of th e  m e th y l group  p ro to n s  of 2 , 5 - d im e t h y l-  
and 2 , 4 - d im e  th  y lth i ophen is  v e r y  s lo w  and in c o m p le te  a f te r  s e v e ra l  
h o u rs . T h is  r e s u lt  a p p e a rs  to  c o n f irm  the  la r g e  d if fe re n c e  in  
r e a c t iv i ty  o f r in g  and m e th y l g ro u p  p ro to n s  re p o r te d  by E a b o rn  and  
W  r ig h t .
T h e  w o rk  of G o re  (1 2 1 ) h as  b een  re p e a te d  and th e  re s u lts  
in te r p r e te d  in  th e  l ig h t  o f th e  p re s e n t s tu d ie s  of th e  k in e t ic s  of 
h y d ro g e n -e x c h a n g e . T h e s e  re s u lts  a r e  shown in  T a b le  17 . W ith  
2, 4 -d im e th y lth io p h e n  in  d e u te r io t r if lu o r o a c e t ic  a c id  ex ch an g e  of 
the r in g  p ro to n s  w as  c o m p le te  b e fo re  the  f i r s t  n . m . r .  s p e c tru m  
cou ld  be re c o rd e d . O v e r  th e  n e x t 6 h o u rs  th e re  w as  g ra d u a l  
exchange of the p ro to n s  o f th e  2 -m e th y l  g ro u p , but re a c t io n  ceased  
w hen about h a lf  the  p ro to n s  had  exch an g ed . T h e r e  w as  no 
exchange at the  4 -m e th y l  g ro u p . T h e  r e s u lts  g iv e n  e ls e w h e re  
w ould  in d ic a te  th a t th e  h ig h  a c id ity  o f n ea t t r i f lu o r o a c e t ic  a c id  (12 2 )  
should le a d  to  v e r y  ra p id  exchange o f the r in g  p ro to n s  in  both  th e
3 -  and 5 -p o s it io n s . H o w e v e r , exchange of th e  m e th y l group  p ro to n s
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w ou ld  a ls o  h av e  been  e x p e c te d  to  be c o m p le te  w ith in  the  p e r io d  
of the  e x p e r im e n t .  T h e  fa c t  th a t th is  does not o c c u r can  be 
e x p la in e d  in  t e r m s  of th e  e x p e r im e n ta l c o n d it io n s . In  o r d e r  to  
o b ta in  n .m .  r .  s p e c tra  th e  in i t ia l  c o n c e n tra tio n  o f 2 , 4 -d im e t h y l ­
th io p h en , w h ic h  c o n ta in s  f iv e  e xch an g eab le  h y d ro g e n s  ( t r i f lu o r o ­
a c e tic  a c id  c o n ta in s  o n ly  one e x ch a n g ea b le  h y d ro g e n ), w as  c a . 0 . 9 M .  
A s  exchange p ro c e e d e d  th e  d e u te r io t r i f lu o r o a c e t ic  a c id  c o n ta in e d  
in c re a s in g  am o u n ts  o f p r o t iu m  and th e  f in a l  s o lu tio n  w as  an 
e q u il ib r iu m  o n e . T h e  a p p a re n t d e c re a s e  in  th e  ra te  o f d e u te r io -  
d e p ro to n a tio n  o f th e  2 -m e th y l  g roup  w as  due to  the k in e t ic s  o f the  
a p p ro a c h  to  e q u il ib r iu m .
S im i la r  r e s u lts  w e r e  o b ta in e d  w ith  2 -m e th y lth io p h e n .
A b o u t 50% d e u te r io d e p ro to n a tio n  o f the m e th y l g ro u p  o c c u rre d  
d u rin g  6 h o u rs . W ith  3 -m e th y lth io p h e n  no exchange at the  m e th y l  
group o c c u rre d  and th is  is  c o n s is te n t w ith  th e  fa c t  th a t no exchange  
o c c u rre d  a t the 4 -m e th y l  g ro u p  of 2 , 4 -d im  e th y l th io p h e n . W ith  2 , 3 -  
d im e th y lth io p h e n  d e c o m p o s itio n  o f th e  s a m p le  to o k  p la c e  d u r in g  th e  
c o u rs e  o f th e  re a c t io n .
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T a b le  17
H  n . m . r .  s p e c tra  o f m e th y lth io p h e n s  ta k e n  in  d e u te r io t r i f lu o r o a c e t ic
a c id
C om pound  T im e  (h r )  M e C l^ /  m e th y l th io p h e n
ra t io
R e la t iv e  r a t io
2 .2 2 .5 2 .2  2 .5
2 , 4 -  d im e th y l o ( G D c y ^ 1 .1 3 1 .0 2 1 1
0 .5 1 .0 8 1. 14 1 1 .1 2
1 .5 1 .0 8 1 .3 9 1 1 .3 6
4 1. 10 1 .8 5 1 1 .8 1
6 .5 1. 14 2 .0 2 1 2 .0 1
2 .5
a
2 -m e th y l O (G D G l^ ) 0 .7 8 1
0 .5 0 . 85 1 .0 9
2 1 .2 3 1 .5 8
4 . 5 l.,4 0 1 .7 9
6 . 5 1 .6 2 2 .0 7
2 .3
3 -m e th y l 0 ( G D G y ^ 1 .0 0 1
0 .5 0 .9 7 1
1 .5 0. 97 1
4 0 . 95 1
7 0 .9 8 1
2 ,3 - d im e t h y l  0 (C D C 1  )
0 .5
1 .5
3 .5  
6
D e c o m p o s it io n  of 
s a m p le  o c c u rre d
N o te s  a -  re s u lts  r e f e r  to  H  n . m . r .  s p e c tru m  ta k e n  in  C D C l^  
f o r  the sam e M e C l^ :th io p h e n  m ix tu r e
b -  th e  v a lu e s  c o rre s p o n d  to the m e th y l g ro u p  re s o n a n c e s , 
w ith  re fe re n c e  to  T M S , in  C D C1„
c -  c a lc u la te d  a s s u m in g  r a t io  a t z e ro  t im e  b e in g  u n ity
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E x p e r im e n ta l .  -  
M a t e r ia ls .  -
2 - M e t h y l - , 3 - m e t h y l -  and 2 , 5 - d im e th y lth io p h e n  w e re  
p u rc h a s e d  f r o m  A ld r ic h  C h e m ic a l C o m p a n y , 2 , 3 -D im e th y lth io p h e n  
w as p re p a re d  b y  a l i t e r a t u r e  m e th o d  (123 ) and 2 , 4 -d im e th y lth io p h e n  
w as a g if t  f r o m  P r o fe s s o r  J . M .  T e d d e r .  D e u te r io t r i f lu o r o a c e t ic  
and t r i t io t r i f lu o r o a c e t ic  a c id s  w e re  p re p a re d  by re a c t io n  of 
t r i f lu o r o a c e t ic  a n h y d rid e  w ith  d e u te r iu m  o x id e  and t r i t ia t e d  w a te r ,  
r e s p e c t iv e ly .  T h e  p e r c h lo r ic  a c id  used  w as A n a la R  g ra d e .
T h io p h e n s  t r i t ia t e d  at a l l  th e  r in g  p o s itio n s  w e re  p re p a re d  
by s t i r r in g  th e  a p p ro p r ia te  com pounds (0 . 5 g) o v e rn ig h t w ith  a 
m ix tu re  o f 60% H ^SO ^ (1 m l)  and t r i t ia t e d  w a te r  (1 m l;  50 m C i /m l ) ,  
T h e  re s u lta n t  m ix tu r e  w as n e u tra lis e d  w ith  a n  e x c e s s  of N a O H  and  
e x tra c te d  w ith  e th e r  (50  m l ) .  A f t e r  w ash in g  w ith  d is t i l le d  w a te r  
(2 X 25 m l) ,  the  o rg a n ic  e x tra c ts  w e re  d r ie d  (M g S O ^) and the  s o lv e n t 
re m o v e d  by e v a p o ra t io n . T r it io d e p ro to n a t io n  o f th e  m e th y l g ro u p s  
of 2 , 5 -d im e th y lth io p h e n  w as  e ffe c te d  b y  s t i r r in g  th e  th io p h e n  w ith  
t r i t io t r i f lu o r o a c e t ic  a c id  o v e rn ig h t . T h e  t r i t ia t e d  th io p h en s  w e re  
d is t i l le d  b e fo re  u s e .
K in e t ic  s. -
A n  aqueous s o lu tio n  of the  re q u ire d  th io p h e n  w as p re p a re d  
b y  add ing  a d ro p  o f the t r i t ia t e d  th io p h e n  to  100 m l o f d is t i l le d  
w a te r ,  s t i r r in g  o v e rn ig h t and f i l t e r in g  the so lu tio n  th ro u g h  phase  
s e p a ra tin g  p a p e r  to  re m o v e  any  u n d is s o lv e d  th io p h e n . T h e  p u r i ty  
of th e s e  so lu tio n s  w as  m o n ito re d  by  re c o rd in g  t h e ir  u . v .  s p e c tra .
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T h e  m e th o d  fo r  o b ta in in g  th e  k in e t ic  da ta  w as s im i la r  to  th a t  
d e s c r ib e d  in  C h a p te r  1 fo r  h y d ro g e n -e x c h a n g e  in  p y r r o le s .
E x c h a n g e  at d if fe r e n t  p o s itio n s  in  the th io p h e n  r in g  o c c u rs  
at v e r y  d if fe r e n t  r a te s  and th e  re a c tio n s  do not in t e r f e r e  w ith  
one a n o th e r . F o r  e x a m p le , in  th e  a c id  u sed  to  study exchange  
a t th e  3 -p o s it io n , exch an g e a t the 2 -p o s it io n  is  so ra p id  th a t i t  is  
c o m p le te  w ith in  a fe w  m in u te s . O n the  o th e r h an d , in  0 . 085 M  
p e r c h lo r ic  a c id  e s s e n t ia l ly  no p r o to d e t r i t i t ia t io n  o c c u rs  a t th e  3 -  
p o s it io n  w ith in  the t im e  in te r v a l  used  to  study exchange a t th e  2 -  
p o s it io n . In  the c a s e  o f m e th y l g roup  h y d ro g e n -e x c h a n g e  in  
2, 5 -d im e th y lth io p h e n  a s u ff ic ie n t ly  long  t im e  in t e r v a l ,  to  e n s u re  
th a t a l l  r in g  p ro to n s  had e xch an g ed , w as a llo w e d  to  pass  b e fo re  
ta k in g  the  f i r s t  m e a s u re m e n t.
T h e  r a te  c o n s ta n ts  w e re  c a lc u la te d  u s in g  th e  m e th o d  of 
S w in b o u rn e  (65 ) and K e z d y  (64 ) (See A p p e n d ix  2 ) .
N . m . r .  s tu d ie s . -
A  s o lu tio n  of the th io p h e n  in  d e u te r io t r if lu o r o a c e t ic  a c id  
(0 . 9 M ) ,  w ith  a n  e q u a l a m o u n t o f d ic h lo ro m e th a n e  as a s ta n d a rd , 
w as p re p a re d  and s p e c tra  w e re  re c o rd e d  at t im e d  in te r v a ls .  W h e re  
the th io p h e n  had  a m e th y l g ro u p  w h ic h  d id  no t u n d e rg o  exch an g e , its  
s ig n a l re m a in e d  c o n s ta n t w ith  re fe re n c e  to  th a t of d ic h lo ro m e th a n e  
and showed th a t th e  th io p h e n  w as  s tab le  in  th e  a c id  d u rin g  the t im e  
o f the  e x p e r im e n t .
C h a p te r  4
T h e  d e te c tio n  and quan tita tive  d e te rm in a t io n  o f th e  c l in ic a l ly  
im p o r ta n t  p y r r o le s  p o rp h o b ilin o g e n  and c r y p to p y r r o le
CO,,HCH,
KNCH
(CHJ^CO. H
H
XXXIV
Me Et
H
Me
XXXVI
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In tro d u c t io n . -
A s  no ted  in  C h a p te r  2 the  d e te rm in a t io n  of c l in ic a l ly  
and b io lo g ic a lly  im p o r ta n t  p y r r o le -c o n ta in in g  com pounds is  
w e ll  e s ta b lis h e d . T h is  p re s e n t w o rk  is  a study o f th e  
p r a c t ic a l  d if f ic u lt ie s  e n c o u n te re d  in  th e  q u a n tita t iv e  d e te rm in a t io n  
of tw o  of th es e  p y r r o le s ,  n a m e ly  p o rp h o b ilin o g e n  ( X X X IV )  and  
c ry p to p y r r o le  ( X X X V I ) . T h e  m a in  d if f ic u lt ie s  in v o lv e d  a re
th r e e fo ld . F i r s t l y ,  the substance be ing  e s t im a te d  m u s t be 
s e p a ra te d  f r o m  an y  o th e r  co m p o n en ts  p re s e n t in  th e  b io lo g ic a l  
s a m p le  w h ic h  m a y  in t e r f e r e  w ith  th e  subsequent tes t and , 
seco n d ly , the s o lu tio n  b e in g  te s te d  should be s ta b le . B oth  
th e s e  p ro b le m s  h a v e , a t le a s t  in  p a r t ,  been  o v e rc o m e . T h u s , 
in  the  c ase  of p o rp h o b ilin o g e n , th is  com pound c a n  be s e p a ra te d  
f r o m  the o th e r m a in  co m p o n en ts  found in  u r in e ,  fo r  e x a m p le , by  
m e a n s  of c o lu m n  c h ro m a to g ra p h y  (1 2 4 ), th e  re s u lta n t  te s t  s o lu tio n  
b e in g  s ta b ilis e d  by a d ju s tin g  the  pH  to ca 1 and s to r in g  i t  b e lo w  0 °C  
(1 2 5 ). T h e  th ir d  p ro b le m  is  a s s o c ia te d  w ith  th e  te s t  i t s e l f .
T h e s e  p y r r o le  s o lu tio n s  a r e  re a c te d  w ith d im e th y la m in o b e n z a ld e h y d e  
in  the p re s e n c e  of a c id  to  g ive  h ig h ly  c o lo u re d  s o lu tio n s  (s e e  
C h a p te r  2) w hose o p tic a l d e n s it ie s  a re  th en  m e a s u re d . H o w e v e r ,  
i t  has been no ted  th a t th es e  c o lo u re d  so lu tio n s  a re  u n s ta b le  to  
v a ry in g  d e g re e s  w h ic h  m a k e s  the q u a n tita tiv e  d e te rm in a t io n  of 
p y r r o le s  e x t r e m e ly  d i f f ic u lt  and, ev en  m o re  d i f f ic u lt ,  is  the  
c o m p a r is o n  of such re s u lts  o b ta in ed  f r o m  d if fe re n t  la b o r a to r ie s .
B e fo re  c o n tin u in g  th e  d is c u s s io n  o f th e s e  p r a c t ic a l  
p ro b le m s  a b r ie f  a cco u n t of the ro le  p la y e d  b y  th e s e  tw o  m o le c u le s
Gl/sine 
+ ALA » H.NCH^COICHj^CO^H — »
Succinyl CoA synthetase dehydraseA L A
COxHCH, (CHJxCO,H
H
p o r p h o b i l i n o g e n
XXXIV
P r o - t o p o r p h / r i n o g c ? n  I X  
LXII
Protoporphyrin IX
PB G deaminase
P B  G  i s o m e r a s e
U r o p o r p h y r i n o g e n  I I I
LX
U  f  0  p  o r p h  y r / f io g e n  
d e c a r b o  x y l a  s ei
C o p r o p o r p h y r i n o g e n  I I I  
o x i d a s e
C o p r o p o r p h y r i n o g e n  I I I
LXI
F e r r o c h e i a l a s e
F g >HEME
A “  A c e t i c  a c i d  
P =  P r o p i o n i c  a c i d  
V  =  V i n y l  
M “ M e t h y l
SCHEME 12
LXIII
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in  b io lo g ic a l and c l in ic a l  c h e m is t r y  w i l l  be g iv e n . P o rp h o b ilin o g e n  
is  a p r e c u r s o r  in  the  s y n th e s is  o f h e m e  (S ch em e 1 2 ). In i t ia l ly  
d -a m in o le v u lin ic  a c id  (A L A )  is  fo rm e d  by co n d e n s a tio n  of 
s u c c in y l-C o A  and g ly c in e  in  th e  p re s e n c e  o f p y r id o x a l p h o sp h a te . 
T w o  m o le c u le s  of A L A  a re  condensed  to  fo r m  one of p o rp h o ­
b ilin o g e n  w h ic h  is ,  in  tu r n ,  s e lf-c o n d e n s e d  to  g ive  u ro p o rp h y r in o g e n  
I I I ,  w h ich  co n ta in s  fo u r  p o rp h o b ilin o g e n  m o ie t ie s  co n n ected  by  
m e th y le n e  b r id g e s . T h ro u g h  a c o m b in a tio n  o f d e c a rb o x y la tio n  
and o x id a tio n , u ro p o rp h y r in o g e n  I I I  is  c o n v e rte d  in to  c o p ro ­
p o rp h y r in o g e n  I I I ,  p ro to p o rp h y r in o g e n  IX  and f in a l ly  p ro to p o rp h y r in  
IX ,  th e  im m e d ia te  p r e c u r s o r  o f h e m e . A s  no ted  in  th is  sequence  
the t ru e  in te rm e d ia te s  in  th e  b io s y n th e s is  o f h e m e  a re  th e  c o lo u r le s s  
p o rp h y r in o g e n s . T h e s e  a r e  u n s ta b le  and a re  e a s ily  o x id is e d  to  the  
c o rre s p o n d in g  p o rp h y r in  p ig m e n ts  w h ic h  a re  no lo n g e r  in  the  
m e ta b o lic  sch em e but a re  found as e x c re t io n  p ro d u c ts . T h e  
d e te rm in a t io n  o f th e s e  p o rp h y r in s , p o rp h o b ilin o g e n  and A L A  in  
b io lo g ic a l s a m p le s  is  th e  b a s is  fo r  the  d e te c tio n  o f v a r io u s  
m e ta b o lic  a b n o r m a li t ie s .  T w o  re c e n t re v ie w s  (1 2 6 , 127) have  
been w r i t te n  on th is  s u b je c t.
P o rp h o b ilin o g e n  is  found in  th e  u r in e  o f m o s t p e o p le ; the  
n o rm a l d a ily  ou tput is  up to  2 .0  m g  (1 2 8 ) , H o w e v e r , m a n y  
p a tie n ts  s u ffe r in g  f r o m  the  p a in fu l and d e lir io u s  m e ta b o lic  
d is e a s e  p o rp h y r ia  e x c re te  m u ch  g r e a te r  q u a n tit ie s  of th is  
com pound (1 0 -2 0 0  m g  p e r  d ay  (12 7 ) ) , and the d e te c tio n  o f such  
q u a n tit ie s  is  used  as a c o n f ir m a to r y  te s t  fo r  th is  d is e a s e . T h e  
u r in e  is ,  a ls o , o fte n  d a rk  re d  in  c o lo u r due to  the  p re s e n c e  o f a
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la rg e  q u a n tity  o f a s s o c ia te d  p o rp h y r in  p ig m e n ts . T h e re  a re  
v a r io u s  d if fe r e n t  ty p e s  o f p o rp h y ria s  and a c la s s if ic a t io n  adap ted  
f r o m  th a t o f L e v e r e  and K a p p a s  (1 2 9 ) is  g iv e n  in  T a b le  18 .
T a b le  18 
C la s s if ic a t io n  o f the p o rp h y r ia s
1. E r y th r o p o ie t ic
a) C o n g e n ita l e ry th ro p o ie t ic  p o rp h y r ia  (C E P )
b) C o n g e n ita l e ry th ro p o e t ic  p ro to p o rp h y r ia  (E P P )
2 . H e p a tic
a) H e r e d i t a r y
(1) A c u te  in te r m it te n t  p o rp h y r ia  (A IP )
(2) C o n g e n ita l cu tan eo u s  h e p a tic  p o rp h y r ia
(c o n g e n ita l C H P )
b) A c q u ire d  cu tan eo u s  h e p a tic  p o rp h y r ia  (a c q u ire d  C H P )
- to x ic  o r  d ru g -in d u c e d  p o rp h y r ia s
O n ly  tw o  o f th e s e  p o rp h y r ia s , h o w e v e r , le a d  to  a 
s u b s ta n tia l in c re a s e  in  the u r in a r y  p o rp h o b ilin o g e n  c o n te n t, n a m e ly ,  
acu te  in te r m it te n t  p o rp h y r ia  (A IP )  and c o n g e n ita l cu tan eo u s  h e p a tic  
p o rp h y r ia  (c o n g e n ita l C H P ) .
A c u te  in te r m it te n t  p o rp h y r ia  is  the h e p a tic  p o rp h y r ia  
m o s t c o m m o n ly  found in  n o r th e rn  E u ro p e  and N o r th  A m e r ic a .
A cu te  a b d o m in a l p a in ,  s o m e tim e s  w ith  c o n s tip a tio n  and v o m it in g ,  
is  the ty p ic a l s y m p to m . I t  is  in h e r ite d  as a d o m in a n t c h a r a c te r is t ic  
T h e  o v e rp ro d u c tio n  o f A L A  sy n th e tase  in  the l i v e r  ca u ses  la r g e  
am o u n ts  o f A L A  and p o rp h o b ilin o g e n  to be p ro d u c e d  and e x c re te d  
in  th e  u r in e .  A  d e fic ie n c y  o f P G B  d e a m in a s e  and P B G  is o m e ra s e  
ru le s  out any  in c re a s e  in  p o rp h y r in  e x c re t io n  th ro u g h  the u s u a l 
m e ta b o lic  p a th w a y , a lth o u g h  n o n e n zy m ic  p o ly m e r is a t io n  and
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o x id a tio n  c o n v e rts  som e o f the e x c re te d  p o rp h o b ilin o g e n  to  the  
c o lo u re d  p ig m e n ts  u ro p o rp h y r in  and p o rp h o b ilin . T h u s , the  
u r in e  m a y  d a rk e n  on s ta n d in g .
H e r e d i t a r y  cu tan eo u s  h e p a tic  p o rp h y r ia  is  in  som e w a ys  
s im i la r  to  a c u te  in te r m it te n t  p o rp h y r ia ,  e s p e c ia l ly  in  its  acu te  
p h a s e . A L A  and p o rp h o b ilin o g e n  a re  e x c re te d  in  a b n o rm a l  
am o u n ts  in  th e  u r in e  due to th e  in c re a s e d  h e p a tic  p ro d u c tio n  of 
A L A  s y n th e ta s e . H o w e v e r , s ince th e re  is  no d e fic ie n c y  o f the  
e n zy m e s  P G B  d e a m in a s e  and P B G  is o m e ra s e , u ro p o rp h y r in  I I I ,  
c o p ro p o rp h y r in  I I I  and p ro to p o rp h y r in  a re  a ls o  fo rm e d  in  
r e la t iv e ly  la r g e  q u a n tit ie s  and can  a ls o  be found in  the  u r in e .  T h e  
d is e a s e  is  in h e r ite d  as a d o m in a n t c h a r a c te r is t ic .
H is t o r ic a l  n o te . -  K in g  G e o rg e  I I I ,  o ften  c a lle d  'M a d  K in g  
G e o rg e ' due to  h is , a t t im e s ,  i r r a t io n a l  b e h a v io u r , is  now  know n  
to  h a ve  s u ffe re d  f r o m  p o r p h y r ia .  A lth o u g h  th e  p o rp h y r ia s  have  
o n ly  re c e n t ly  b een  re c o g n is e d , the  m e d ic a l re c o rd s  k e p t by h is  
p h y s ic ia n s  in d ic a te  c le a r ly  th a t the  k in g  s u ffe re d  f r o m  such a 
m e ta b o lic  d is e a s e ; in d e e d  h is  u r in e  w as  o ften  d e s c r ib e d  as b e in g  
the c o lo u r o f p o r t  w in e . H is  'm a d n e s s ' is  now  thought to  have  
b een  a co nsequence  o f both  the  e x tre m e  p a in  he s u ffe re d  and the  
w ro n g  t r e a tm e n t  p r e s c r ib e d  b y  h is  p h y s ic ia n s  w ho b e lie v e d  h im  
to be p s y c h o tic . T w o  re c e n t r e s e a r c h e r s  in  th is  f ie ld ,  M a c  a lp in e  
and H u n te r  (1 3 0 ) h a ve  t r a c e d  s igns o f p o rp h y r ia  in  h is  f a m i ly  as 
f a r  b ack  as h is  1 6 th -c e n tu ry  a n c e s to r , M a r y ,  Q u een  o f S c o ts . 
F r o m  h e r  d es ce n d an ts  th e  d is o rd e r  s p re a d  to  both  the H a n o v e r ia n
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and P r u s s ia n  ro y a l l in e s .  T h o s e  a f f l ic te d  by th e  d is e a s e  in c lu d e  
Ja m e s  V I  and I  o f S c o tla n d , Q u een  A n n e , G e o rg e  I V ,  E d w a rd , the  
D u ke  o f K e n t (Q u een  V ic t o r ia 's  fa th e r ) ,  F r e d e r ic k  W i l l ia m  I  
and F r e d e r ic k  the G r e a t .
In  c o n tra s t  to  th e  d e ta ile d  k n o w led g e  a v a ila b le  fo r  the  
ro le  o f p o rp h o b ilin o g e n  in  m e ta b o lic  c h e m is t ry ,  th e  d a ta  
c o n c e rn in g  c r y p to p y r r o le  a re  s c a n t. I t  is  not c le a r  w h at p a r t  
c ry p to p y r ro le  p la y s  in  the m e ta b o lic  m e c h a n is m  n o r ,  in  fa c t ,  i f  
i t  p o s s e s s e s  such a ro le  a t a l l .  In  1961 , I r v in e  (1 3 1 ) re p o r te d  
a su b stan ce , w h ic h  he c a lle d  th e  ’m a u v e  f a c t o r ' b ecau se  of its  
p o s it iv e  E h r l ic h  re a c t io n , to  be p re s e n t in  s ta t is t ic a l ly  s ig n if ic a n t  
am o u n ts  in  th e  u r in e  of p a tie n ts  s u ffe r in g  f r o m  p s y c h o s is . I t  
has su b se q u e n tly  b e e n  re p o r te d  b y  s e v e ra l in v e s t ig a to rs , ( 132 ,
133 , 134) th a t th e  fa c to r  is  u s u a lly  p re s e n t in  3 0 -6 0 %  o f p s y c h o tic  
p a tie n ts . In d e e d , i t  has been  suggested  b y  H o f fe r  (135 ) th a t th e  
p ro d u c tio n  o f th is  m a u v e  c o lo u r  in  th e  E h r l ic h  re a c t io n  is  d ia g n o s tic  
of a d is e a s e  e n tity  (m a lv a r ia ) .  T h e  id e n t if ic a t io n  o f th is  com pound, 
h a m p e re d  by i ts  e x tre m e  s e n s it iv ity  to m i ld  p ro c e d u re s , h as  been  
c a r r ie d  out u s in g  A T G  (a u to tra n s fe r  c h ro m a to g ra p h y ) and w as  
found to  be id e n t ic a l to  c ry p to p y r r o le  (1 3 6 ) .  T h e  c h ro m a to g ra m s  
of c ry p to p y r r o le  and the 'm a u v e  fa c to r '  a re  id e n t ic a l,  c h a r a c te r is t ic ,  
and in  th e  ca se  w h e re  w a te r  is  used  as the  s o lv e n t, c o m p le x  in  th a t  
th e y  show f iv e  d is t in c t  sp o ts . U n d e r  e lu tio n  w ith  w a te r  the  f iv e  
co m ponents  of th es e  c h ro m a to g ra m s  r e v e r t  to  one com ponent 
w h ic h  has b een  id e n t if ie d  as d ic ry p to p y r ro le  e th e r  by m e a n s  of 
h ig h  re s o lu t io n  m a s s  s p e c tro m e try  (1 3 6 , 1 3 7 ), R e c e n t ly , i t  has
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b een  shown th a t th is  m u lt ip le  spot fo rm a t io n  is  p a r t ly  an 
a r t i f a c t  o f c h ro m a to g ra p h y  (1 3 8 ) ,
C o n firm a t io n  of the 'm a u v e  fa c to r '  as c ry p to p y r r o le  has  
b een  m a d e  by S o h le r  et a l (1 3 9 ) u s in g  p a p e r  and t h in - la y e r  
c h ro m a to g ra p h y .
A lth o u g h  i t  is  n o t c le a r  w h e th e r  o r  not c r y p to p y r r o le  is  
a cau se  o f p y c h o s is  o r  w h e th e r  i t  is  a p ro d u c t fo rm e d  due to  
s o m e  m e ta b o lic  f a i lu r e  w ith in  th e  p a tie n t, S o h le r  (13 9 ) have  
e lim in a te d  i t  as  b e in g  a p o s s ib le  s tim u la n t m e ta b o lite  c a u s in g  
o v e r -a r o u s a l  in  th e  s c h iz o p h re n ic  p a t ie n t .
R e c e n t ly , a ra p id  s c re e n in g  p ro c e d u re  h as  been  p ro p o s e d  
(1 4 0 ), u s in g  the E h r l ic h  te s t  on u r in e ,  to  d e te c t c ry p to p y r r o le  
and o th e r  u r in a r y  p y r r o le s  to  d is tin g u is h  a s c h iz o p h re n ic  
s u b -p o p u la tio n .
T h e  s ta b il i ty  o f c r y p to p y r r o le  in  w a te r  and i ts  d e te c tio n  
and q u a n tita tiv e  d e te rm in a t io n  a r e  c o n s id e re d  on subsequent 
p a g e s .
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R e s u lts  and d is c u s s io n ,-
T h e  p re s e n t  study can  be s e p a ra te d  in to  th re e  s e c tio n s . 
F i r s t ly ,  a s e r ie s  o f re a g e n ts , w h ic h  a re  in  som e w a y s  s im i la r  
to E h r l ic h ’ s a ld e h yd e  (D M A B ) , w e re  e ith e r  o b ta in e d  c o m m e rc ia lly  
o r  s y n th es ise d  in  the  la b o r a to r y .  S ec o n d ly , an a tte m p t w as m a d e  
to  d e te rm in e  w h e th e r  an y  o f th ese  com pounds gave a s ta b le  c o lo u re d  
s o lu tio n  w hen re a c te d  w ith  v a r io u s  p y r r o le  te s t  s o lu tio n s . L a s t ly ,  
the c o n d itio n s  u n d e r w h ic h  th e s e  p y r r o le  te s t  s o lu tio n s  w e re  m o s t  
stab le  w e re  in v e s t ig a te d . T h e  s o u rc e s  o f th e s e  re a g e n ts  a re  
d is c u s s e d  in  th e  e x p e r im e n ta l se c tio n  and the r e s u lts  of t h e ir  
co u p lin g  re a c tio n s  w ith  p y r r o le s  and th e  s ta b il i ty  o f th e s e  p y r r o le  
s o lu tio n s  a r e  o u tlin e d  b e lo w . T h e  re a g e n ts  u se d  in  th is  study a re  
show n in  F ig u r e  10 .
(1) 4 -D im e th y la m in o a c e to p h e n o n e  (D M A A )
A I M  D M A A  s o lu tio n  w as  p re p a re d  b y  d is s o lv in g  D M A A  
(0 . 81 g) in  3 M  H C l (5  m l) .
R e a c t io n  w ith  p y r r o le .  -  T h e  above s o lu tio n  (1 m l)  w as  
added to  an aqueous p y r r o le  s o lu tio n  (1 m l)  and the s p e c tra l  
changes o b s e rv e d . T h e  s p e c tru m  showed an a b s o rp tio n  a t 490  n m  
w h ic h  to o k  ca  30 m in u te s  to  re a c h  a m a x im u m  and w h ic h  w as  
su b seq u en tly  s ta b le  fo r  at le a s t  1 h o u r . In c r e a s in g  the  c o n c e n tra tio n  
of D M A A  by a fa c to r  of tw o in c re a s e d  the ra te  a t w h ic h  the  
a b s o rp tio n  m a x im u m  w a s  re a c h e d  (c a  20 m in u te s ) but s ince th is  
s o lu tio n  w as  a lm o s t s a tu ra te d  no fu r th e r  in c re a s e s  in  D M A A  
c o n c e n tra t io n  w e re  m a d e . In c re a s in g  the a c id  c o n c e n tra t io n  to
16-
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[Pyrrole] (IG^m )
F IG O R E  11 V a r i a t i o n  of o p t i c a l  d e n s i t y  a t  4 9 Q n m  
w i t h  p y r r o l e  c o n c e n t r a t i o n  a f t e r  r e a c t i o n  w i t h  D M A A
0.0.
[Cryptopyrrole] (IO^m )
F ig u re  1 2 v a r i a t i o n  o f  o p t i c a l  d e n s i t y  o f  4 6 G n m  
w i t h  c r y p t o p y r r o l e  c o n c e n t r a t i o n  a f t e r  r e a c t i o n  w i t h  D M A A
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7 M  had l i t t l e  e ffe c t  on th e  r a te  o f re a c tio n , bu t d id  m o ve  the  
a b s o rp tio n  m a x im u m  to  a lo n g e r  w a v e le n g th  (50 5  n m ) . W ith  the  
s ta n d a rd  1 M  D M A A  s o lu tio n  above the a b s o rp tio n  m a x im a  w e re  
found to  show  a l in e a r  d ep en d en ce  on the  p y r r o le  c o n c e n tra tio n  
(F ig u r e  11 ).
R e a c tio n  w ith  c r y p to p y r r o le .  -  The s ta n d a rd  IM  D M A A  
s o lu tio n  (1 m l)  w as  added to  a c ry p to p y r ro le  s o lu tio n  (1 m l)  m a d e  
up in  0 . 1 M  H C l .  T h e  re s u lt in g  s p e c tru m  showed an  a b s o rp tio n  
at 4 86 n m  w h ic h  to o k  15 m in u te s  to  re a c h  a m a x im u m  and w h ic h  
w as s ta b le  fo r  a t le a s t  1 h o u r . T h e  a b s o rp tio n  m a x im a  re c o rd e d  
fo r  s e v e ra l c ry p to p y r r o le  so lu tio n s  showed a l in e a r  dependence  
on the p y r r o le  c o n c e n tra t io n  (F ig u r e  12 ).
R e a c t io n  w ith  p o rp h o b ilin o g e n , -  T h e  I M  D M A A  s o lu tio n  
(1 m l)  w as added  to  a p o rp h o b ilin o g e n  s o lu tio n  ( 1 m l)  m ad e  up in  
0 .1  M  H C l and the  s p e c tru m  o b s e rv e d . A f t e r  45  m in u te s  no 
re a c t io n  had ta k e n  p la c e .
(2) 2 , 4 , 6 -T r im e th o x y b e n z a ld e h y d e  (T M B )
A  0 . 01 M  T M B  s o lu tio n  w as p re p a re d  by d is s o lv in g  T M B  
(0 . 1 g) in  e th a n o l (50  m l ) .  In  th e  fo llo w in g  te s ts  th is  so lu tio n  
(1 m l)  w as  added to  3N  H C l (1 m l)  and to  the  re s u lt in g  m ix tu r e  
w as added th e  a p p ro p r ia te  p y r r o le  s o lu tio n  (1 m l ) .
R e a c t io n  w ith  c r y p to p y r r o le ,  -  T h e  above te s t  w as  
c a r r ie d  out u s in g  v a r io u s  c r y p to p y r r o le  so lu tio n s  p re p a re d  in  
0 , 1 M  H C l and the s p e c tra  o b s e rv e d . T h e  se shoved an a b s o rp tio n
O.D.
iCryptopyrroIe] (IO^m )
F I G U R E  1 3  V a r i a i  i o n  o f  o p t i c a l  d e n s i t y  a t  4 6 0  n m
w i t h  c r y p t o p y r r o l o  c o n c e n t r a t i o n  a f t e r  r e a c t i o n  w i t h  T M B
QD.
[Cryptopyrrole] (lO^M)
FIGURE U V a r i a t i o n  o f  o p t i c a l  d e n s i t y  a t  5 4 0 n m  w i t h
c r y p t o p y r r o l e  c o n c e n t r a t i o n  a f t e r  r e a c t i o n  w i t h  D M A f â
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at 4 60 n m  w h ic h  re a c h e d  a m a x im u m  a f te r  15 m in u te s  and  
w h ich  w as  s ta b le  fo r  a t le a s t  4 h o u rs , A  p lo t o f o p tic a l d e n s ity  
v e rs u s  c ry p to p y r r o le  c o n c e n tra t io n  is  l in e a r  and p a s s e s  
th ro u g h  z e ro  (F ig u r e  1 3 ).
R e a c tio n  w ith  p o rp h o b ilin o g e n . -  T h e  above te s t w as  
c a r r ie d  out u s in g  a p o rp h o b ilin o g e n  s o lu tio n  m a d e  up in  0 ,1  M  
H C l but no r e a c t io n  had ta k e n  p la c e  a f te r  1 h o u r .
(3) 4 -D im e th y la m in o b e n z a ld e h y d e  (D M A B )
T h r e e  s e p a ra te  D M A B  so lu tio n s  w e re  p re p a re d  as  fo l lo w s : -
(A ) D M A B  (1 .  86 g) w as  d is s o lv e d  in  3N  H C l .(50 m l)  to g ive  a 
0 . 25 M  s o lu tio n .
(B ) D M A B  (0 ,0 7 4  g) w a s  d is s o lv e d  in  e th an o l (5 0  m l)  g iv in g  a 
0 .0 1  M  s o lu tio n ,
(C ) 'M o d if ie d ' E h r l ic h 's  R e a g e n t (1 2 4 , 141) -  T o  D M A B  (1 g) in  
g la c ia l  a c e tic  a c id  (3 0  m l)  w as  added 70% p e r c h lo r ic  a c id  
(8  m l)  and th is  d ilu te d  to  50 m l  w ith  g la c ia l  a c e tic  a c id .
T e s ts  w ith  s o lu tio n  (A ) a b o v e , -
R e a c t io n  w ith  c r y p to p y r r o le .  -  S o lu tio n  (A ) (1 m l)  w as  
added to  a c r y p to p y r r o le  s o lu tio n  (1 m l)  p re p a re d  in  0 . 1 M  H C l  
and th e  s p e c tru m  ta k e n . T h is  showed an a b s o rp tio n  a t 542 n m  
w h ich  had re a c h e d  a m a x im u m  w ith in  the  f i r s t  fe w  m in u te s  a f te r  
m ix in g . T h e  o p t ic a l d e n s ity  m a x im u m  w as s ta b le  fo r  a t le a s t  1 h o u r .
R e a c t io n  w ith  p o rp h o b ilin o g e n , -  S o lu tio n  (A ) re a c ts  f a i r l y  
r a p id ly  w ith  an  aqueous p o rp h o b ilin o g e n  so lu tio n  and th is  w as
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stud ied  on th e  s to p p e d -flo w  a p p a ra tu s . U s in g  a 4 ,  8 x  10 M
p o rp h o b ilin o g e n  s o lu tio n  the re a c t io n  w as  s tu d ied  at 556 n m .
T h e  re a c t io n  show ed f i r s t  o r d e r  k in e t ic s  and a ra te  c o n s ta n t of 
-  2 -12 ,9 8  X  10 8 w a s  c a lc u la te d . W h en  the  re a c t io n  w as  stud ied
u s in g  the U n ic a m  S P 8 00  s p e c tro m e te r , th e  a b s o rb a n c e  had a lre a d y  
re a c h e d  a m a x im u m  and w as b eg in n in g  to  d e c re a s e  by th e  t im e  the  
f i r s t  s p e c tru m  co u ld  be ta k e n  (c a  2 m in u te s ) . A f t e r  a f u r th e r
3
■| h o u r th e  a b s o rb a n c e  had  d e c re a s e d  to  ca  ^  o f the m a x im u m  
v a lu e  and a f te r  1% h o u rs  th e  v a lu e  w as o n ly  “  of th e  m a x im u m .
S o lu tio n  (B ) w a s  u se d  in  th e  q u a n tita t iv e  d e te rm in a t io n  of 
c ry p to p y r r o le ,  th e  te s t  e m p lo y e d  b e in g  s im i la r  to  th a t w ith  the  
T M B  so lu tio n  d e s c r ib e d  a b o v e . In  th is  case th e  o p tic a l d e n s it ie s  
w e re  m e a s u re d  a t 540 n m  25 m in u te s  a f te r  m ix in g .  T h e  
re s u lt in g  a b s o rp tio n  m a x im a  w e re  s tab le  fo r  s e v e ra l h o u rs , A  
g ra p h  (F ig u r e  14) o f c r y p to p y r r o le  c o n c e n tra t io n  v e rs u s  o p tic a l  
d e n s ity  is  l in e a r  and p a s s e s  th ro u g h  th e  o r ig in .
S o lu tio n  (C ) ,  d e ve lo p ed  by M a u z e r a l l  and G ra n ic k  (124 )  
as an im p ro v e d  re a g e n t fo r  th e  d e te rm in a t io n  o f p o rp h o b ilin o g e n , 
w as used  in  s e v e ra l e x p e r im e n ts  in  an  a tte m p t to  s u b s ta n tia te  th is  
c la im .  S e v e ra l p o rp h o b ilin o g e n  so lu tio n s  w e re  p re p a re d  and re a c te d  
w ith  th is  re a g e n t and the re s u lts  o b ta in ed  w e re  in  a g re e m e n t w ith  
those  of th e  ab o ve  w o r k e r s .  T h u s , fo r  th e  s e r ie s  of p y r r o le  
so lu tio n s  used  th e  a b s o rb a n c e  re a c h e d  a m a x im u m  w ith in  th e  t im e  
in te r v a l  5 to  15 m in u te s  a f te r  m ix in g  and w e re  s ta b le  f r o m  3 to  15 
m in u te s . T h e  m a x im u m  o p tic a l d e n s ity  w as  d ir e c t ly  p ro p o r t io n a l  
to  the  p o rp h o b ilin o g e n  c o n c e n tra t io n .
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N o te . -  D M A B  and T M B  w e re  used  fo r  the d e te c tio n  of c ry p to ­
p y r r o le  on T L G  p la te s . T h u s , a 1. 1 x  10"^ M  c r y p to p y r r o le  
s o lu tio n  w as  spotted  on a T L C  p la te  and s p ra y e d  w ith  a 0 , 1 M  D M A B  
so lu tio n  p re p a re d  in  3N  H C l .  A  s lig h t c o lo u ra t io n  a p p e a re d  o n ly  
a f te r  s e v e ra l h o u rs . W h e n  a spot o f p u re  c r y p to p y r r o le  w as  
s p ra y e d  an  im m e d ia te  v e r y  in te n s e  re d  c o lo u r  a p p e a re d  w h ic h  
w as s ta b le  o v e rn ig h t . W ith  a 0 .0 1 5  M  T M B  s o lu tio n  p re p a re d  in  
e th a n o l and m ix e d  w ith  an  e q u a l v o lu m e  of 5 M  H C l no re a c t io n  
w as o b s e rv e d  w ith  th e  aqueous c ry p to p y r r o le  s o lu tio n  but w ith  the  
p u re  c r y p to p y r r o le  a y e llo w  c o lo u r  a p p e a re d  w h ic h  w as  s ta b le .
(4) D ip h e n y l cyc lo p  ro p e n o n e .
A  0 .0 2 3  M  s o lu tio n  o f d ip h e n y lc y c lo p ro p e n o n e  w as  p re p a re d  
by d is s o lv in g  d ip h e n y lc y c lo p ro p e n o n e  ( 0 .2 0  g) in  e th an o l (50 m l ) .
A n  a tte m p t w a s  m a d e  to  re a c t  the  above re a g e n t w ith  
an  aqueous p y r r o le  s o lu tio n  e m p lo y in g  th e  fo llo w in g  e x p e r im e n ta l  
m eth o d s: -
(a ) th e  d ip h e n y lc  y c lo p r  openone s o lu tio n  (1 m l)  w as  added to  
an aqueous p y r r o le  s o lu tio n  (1 m l)  r e s u lt in g  in  no re a c t io n .
(b) th e  above re a g e n t (1 m l) ,  3N  H C l (1 m l)  and a p y r r o le  
so lu tio n  (1 m l)  w e re  m ix e d  but no re a c tio n  to o k  p la c e .
(c ) as  f o r  (b) but w ith  c o n c e n tra te d  H C l;  a g a in  no re a c t io n  
o c c u r re d .
(d) as  fo r  (b) w ith  th e  re s u lt in g  s o lu tio n  b e ing  h ea te d  on  
a s te a m  b a th  fo r  15 m in u te s ; no re a c t io n  to o k  p la c e .
In  p la c e  o f th e  above d ip h e n y lc y c lo p ro p e n o n e  s o lu tio n , 
a s a tu ra te d  s o lu tio n  o f the  re a g e n t w as  p re p a re d  in  e th a n o l and
80
used  as a b o v e . U n d e r  th e s e  e x p e r im e n ta l c o n d itio n s  no re a c t io n  
to o k  p la c e .
A n  a tte m p te d  c o u p lin g  o f d ip h e n y lc y c lo p ro p e n o n e  w ith  
p y r r o le ,  u n d e r s y n th e tic  c o n d itio n s , u s in g  th e  m e th o d  of L lo y d  
et a l (1 27 ) and th a t d e s c r ib e d  in  C h a p te r  2 in  o b ta in in g  th e  h ig h ly  
c o lo u re d  s a lts  w ith  D M A B , w a s  c a r r ie d  out b u t re s u lte d  in  a  t a r  
fo rm a t io n  in  bo th  c a s e s ,
(5) 2 ,4 -B is (d im e th y la m in o )b e n z a ld e h y d e  (B D M A B )
R e a c tio n  w ith  N - m e t h y lp y r r o le . -  T w o  s o lu tio n s  o f B D M A B  
w e re  p re p a re d  ( (a )  a  0 .0 0 8  M  s o lu tio n  in  5M  H C l,  (b) a 0 .0 1 5 M  
so lu tio n  in  5 M  H C l)  and 1 m l  o f ea ch  s o lu tio n  w a s  added to  1 m l  
of an  aqueous N - m e t h y lp y r r o le  s o lu tio n  and th e  s p e c tra  o b s e rv e d .  
T h e s e  showed c o n s id e ra b le  v a r ia t io n  w ith  t im e .  F o r  s o lu tio n  (a ) ,
1 m in u te  a f te r  m ix in g , th e  m a x im u m  a b s o rp tio n  w as  a t 570 n m  
but w ith in  5 m in u te s  th is  had  m o v e d  to  528 n m . T h e  a b s o rb a n c e  
th e n  in c re a s e d  s lig h t ly  o v e r  th e  n e x t 15 m in u te s  a f te r  w h ic h  t im e  
i t  w as  s tab le  f o r  th e  n e x t 1 h o u r . F o r  s o lu tio n  (b) th e  s p e c tru m  
a g a in  showed a m a x im u m  a b s o rp tio n  a t 570 n m  w h ic h  m o v e d  to  
528 n m  w h e re  i t  im m e d ia te ly  began  to  fa d e ,
A  0 , 124 M  B D M A B  s o lu tio n  w as a ls o  p re p a re d  in  2 M  H C l  
and re a c te d  w ith  th e  N - m e t h y lp y r r o le  s o lu tio n . T h e  s p e c tru m  
of th e  re s u lt in g  s o lu tio n  showed an  a b s o rp tio n  a t  544 n m  w h ich  
w as a t a m a x im u m  5 m in u te s  a f te r  m ix in g  but im m e d ia te ly  began  
to  fa d e .
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[Cryptopyrrole] (10* M)
F I G U R E  1 5  V a r i a t i o n  o f  o p t i c a l  d e n s i t y  a t  5 3 2 n m  
w i t h  c r y p t o p y i T o l f  c o n c e n t r a t i o n  a f t e r  r e a c t i o n  w i t h  B D M A B
QD.
[Porphobilinogen] (10* m )
FI GURE 10 V a r i a t i o n  o f  o p t i c a l  d e n s i t y  a t  5 3 A n m  w i t h  
p o r p h o b i l i n o g e n  c o n c e n t r a t i o n  a f t e r  r é a c t i o n  w i t h  B D M A B
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R e a c tio n  w ith  c r y p to p y r r o le .  -  A  0 . 15 M  B D M A B  s o lu tio n  
w as p re p a re d  b y  d is s o lv in g  B D M A B  (0 .2 4  g) in  2 M  H C l (10  m l ) .
T h is  s o lu tio n  (1 m l)  w as  added to  a c r y p to p y r ro le  s o lu tio n  (1 m l)  
p re p a re d  in  0 . I M  H C l as b e fo re . T h e  re s u lt in g  s o lu tio n  showed  
an a b s o rp tio n  a t  532 n m  w h ic h  re a c h e d  a m a x im u m  v a lu e  a f te r  15 
m in u te s  and w h ic h  w as  s ta b le  t h e r e a f te r  fo r  at le a s t  2 h o u rs . A  
l in e a r  dependence b e tw e e n  o p t ic a l d e n s ity  and the  c r y p to p y r r o le  
c o n c e n tra t io n  w as found (F ig u r e  15).
R e a c tio n  w ith  p o rp h o b ilin o g e n . -  T h e  re a c t io n  b e tw e e n  
B D M A B  and a p o rp h o b ilin o g e n  s o lu tio n  p re p a re d  in  0 . 1 M  H C l  
w as c a r r ie d  out as  d e s c r ib e d  b e fo re  u s in g  a v a r ie t y  of d if fe re n t  
B D M A B  s o lu tio n s . In  a l l  c a s e s  th e  s p e c tra  show ed a m a x im u m  
a b s o rp tio n  a t 534 n m . T h e  re s u lts  a re  g iv en  in  T a b le  19 .
S in c e  th e  r e s u lt  found fo r  s o lu tio n  ( i i i )  w a s  o b v io u s ly  th e  
m o s t p ro m is in g  , a q u a n tita t iv e  te s t  f o r  th e  d e te rm in a t io n  o f 
p o rp h o b ilin o g e n  w a s  d e v is e d  b a se d  on th is  B D M A B  s o lu tio n  
c o m p o s it io n .
A  p o rp h o b ilin o g e n  s o lu tio n  w as  p re p a re d  in  0 . I M  H C l and  
a 1 m l s a m p le  of th is  w as  re a c te d  w ith  1 m l  of 'm o d if ie d ' E h r l ic h 's  
re a g e n t. T h e  m a x im u m  o p tic a l d e n s ity  w as  m e a s u re d  and f r o m  
th is  th e  c o n c e n tra t io n  o f th e  p o rp h o b ilin o g e n  s o lu tio n  w as c a lc u la te d  
to be 0 .0 2 8 5  g /1  (c o m p a re d  to  0 .0 3 2 0  g w h ic h  w a s  w e ig h e d  out) 
using  the  fo r m u la  g iv e n  by M a u z e r a l l  and G ru n ic k  (1 2 4 ).
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Table 19
R e s u lts  f o r  th e  re a c t io n  b e tw e e n  B D M A B  and p o rp h o b ilin o g e n
C o m p o s it io n  of B D M A B  s o lu tio n R e s u lt
( i)  0 . 13 M  s o lu tio n  of B D M A B  
in  5M  H C l
( i i )  0 . 10 M  s o lu tio n  o f B D M A B  
in  0 . 5 M  H C l
( i i i )  0 . 13 M  s o lu tio n  o f B D M A B  
in  2 M  H C l
( iv )  0 , 14 M  s o lu tio n  of B D M A B  
in  I M  H C l
(v ) an  a tte m p t w as  m a d e  to  
p re p a re  a so lu tio n  of B D M A B  in  
a p e r c h lo r ic /g la c ia l  a c e tic  a c id  
m ix tu r e  bu t w hen  the p e r c h lo r ic  
a c id  w as  added a re a c t io n  
o c c u rre d  and a w h ite  p r e c ip ita te  
w as fo rm e d
(v i)  0 . 13 M  s o lu tio n  o f B D M A B  
in  g la c ia l  a c e tic  a c id
a b s o rp tio n  re a c h e d  a m a x im u m  
v a lu e  a f te r  15 m in u te s  a t ro o m  
te m p e ra tu re  and th e n  began  to  
fad e
a b s o rp tio n  had not re a c h e d  a 
m a x im u m  v a lu e  h o u r s a f te r  
m ix in g
the re s u lt in g  s o lu tio n  w as  h e a te d  
in  a w a te r  b a th  a t 5 0 °C  fo r  15 
m in u te s . 20 m in u te s  a f te r  m ix in g  
the a b s o rp tio n  had re a c h e d  a  
m a x im u m  v a lu e  and w as  s ta b le  
fo r  40  m in u te s
the re s u lt in g  s o lu tio n  w as  h ea te d  
in  a w a te r  b a th  a t 50^C  fo r  25 
m in u te s ', 30 m in u te s  a f te r  th is  
w a te r  b a th  t r e a tm e n t  th e  a b s o rp tio n  
w as s t i l l  in c re a s in g
no re a c t io n  to o k  p la c e
T h e  te s t  u s in g  B D M A B  c o n s is te d  o f add ing  1 m l o f th e  
p o rp h o b ilin o g e n  s o lu tio n  to  1 m l  of the  s ta n d a rd  B D M A B  re a g e n t  
(s o lu tio n  ( i i i )  ) in  a 5 m l  s to p p e re d  v o lu m e tr ic  f la s k .  T h is  w as  
then p la c e d  in  a w a te r  b a th  a t 5 0 °C  fo r  15 m in u te s , th e  f la s k  
shaken  and th e  c o n te n ts  p o u re d  in to  a c u v e tte . T h is  w as then
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a llo w e d  to  stand a t  ro o m  te m p e r a tu r e  fo r  5 m in u te s  b e fo re  the  
o p tic a l d e n s ity  w as  m e a s u re d . In  a l l  but one ca se  te s te d  the  
o p tic a l d e n s ity  had re a c h e d  a m a x im u m  by th is  t im e  and in  th is  
one o u ts tan d in g  c ase  a m a x im u m  w as a c h ie v e d  w ith in  a fu r th e r  
5 m in u te s . T h e  s ta b i l i ty  o f th e s e  m a x im a  v a r ie d  f r o m  10 m in u te s  
up to 40 m in u te s , A  l in e a r  dependence b e tw e e n  the m a x im u m  o p tic a l  
d e n s ity  and the  p o rp h o b ilin o g e n  c o n c e n tra tio n  w a s  found  (F ig u r e  1 6 ).
(6) 2 , 4 - B is  (d im e th y la m in o )is o p h th a la ld e h y d e  (B D M A I)
_ 2
A  0 . 84 X 10 M  s o lu tio n  o f B D M A I w as  p re p a re d  in  5 M  H C l
and re a c te d  w ith  an  aqueous N - m e th y lp y r r o le  so lu tio n  as b e fo re .
T h e  s p e c tru m  show ed an a b s o rp tio n  a t 570 n m  w h ic h  had  re a c h e d
a m a x im u m  1 m in u te  a f te r  m ix in g  but v e r y  r a p id ly  began  to fa d e .
-  2W h e n  a 4 , 5  X 10 M  s o lu tio n  o f th e  re a g e n t , p re p a re d  in  
I M  H C l ,  w as  added  to  an  aqueous p o rp h o b ilin o g e n  so lu tio n  no 
re a c t io n  to o k  p lace w ith in  the f i r s t  3 h o u rs  a f te r  m ix in g .
(7) 2, 4 -B is (d im e th y la m in o )-3 ,  5 -d ifo rm y lb e n z a ld e h y d e  (B D A D F B )
-  2A  0 .6 5  X 10 M  s o lu tio n  of B D A D F B  w as  p re p a re d  in  2 .5  M  
H C l and re a c te d  w ith  an aqueous N - m e t h y lp y r r o le  s o lu tio n  and the  
s p e c tru m  re c o rd e d . T h is  show ed an  a b s o rp tio n  at 505 n m  w h ic h  
had not re a c h e d  a m a x im u m  v a lu e  tw o  h o u rs  a f te r  m ix in g .
In c re a s in g  both  th e  B D A D F B  and the a c id  c o n c e n tra tio n s  in c re a s e d  
the ra te  o f r e a c t io n .
T h is  re a g e n t d id  not r e a c t  w ith  an aqueous p o rp h o b ilin o g e n  
s o lu tio n .
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T h e  s ta b il i ty  of v a r io u s  aqueous p y r r o le  s o lu tio n s . -
D i lu te  so lu tio n s  (c a  10 ^ M ) o f N - m e t h y l - , 2 , 3 - d im e t h y l - ,
1, 2 , 3 - t r i m e t h y l - ,  1 , 2 , 5 - t r i m e t h y l -  and 2 , 3 , 5 - t r im e t h y lp y r r o le ,  
w e re  m a d e  up in  d is t i l le d  w a te r  and t h e ir  s ta b il i ty  as a fu n c tio n  
of t im e  w as  m o n ito re d  b y  re a c t in g  1 m l  a liq u o ts  o f the  s o lu tio n s  
w ith  T M B  and D M A B  re a g e n ts  a t v a r io u s  t im e  in t e r v a ls .  F o r  N -  
m e t h y l- ,  2 , 3 - d im e th y l-  and 1, 2 , 3 - t r im e t h y lp y r r o le ,  th e s e  
so lu tio n s  w e re  s tab le  fo r  a t le a s t  12 h o u rs . H o w e v e r ,  f o r  the  
1, 2 , 5 - t r im e t h y l -  and 2 , 3, 5 - t r im e t h y lp y r r o le  s o lu tio n s  s low  
d e c o m p o s itio n  o c c u rre d  o v e r  s e v e ra l h o u rs . In  both  c a ses  the  
p y r r o le  c o n c e n tra tio n  had  f a l le n  to ca  ^ o f th e  o r ig in a l  v a lu e  a f te r  
6 h o u rs .
I t  has  been  re p o r te d  th a t p o rp h o b ilin o g e n  u n d e rg o e s  
d e c o m p o s itio n  in  u r in e  w h e n  le f t  s tanding; a f te r  10 h o u rs  a t 2 0 -3 7 ° C  
as m u ch  as 70% m a y  d is a p p e a r  (1 4 2 ) . C ook son and R im in g to n  (1 43 ) 
have  re p o r te d  th a t a l l  p o rp h o b ilin o g e n  in  a u r in e  s a m p le  h av in g  an  
a lk a lin e  p H  had d is a p p e a re d  in  17 days w h e re a s  in  0 .5  M  H C l 55%  
had d is a p p e a re d  in  the  s a m e  t im e  in t e r v a l .  A t  le a s t  2 w e ek s  
s ta b il i ty  has b e e n  found (1 2 5 ) by a d ju s tin g  th e  p H  o f the u r in e  to  
6 -7  and s to r in g  i t  b e lo w  4 ° C . A  so lu tio n  o f p o rp h o b ilin o g e n  in  
0 . 1 M  H C l w as p re p a re d  and s to re d  b e lo w  5^C fo r  10 d a y s . A liq u o ts  
w e re  ta k e n  and te s te d  w ith  both  ‘m o d if ie d ' E h r l ic h  re a g e n t and a 
B D M A B  s o lu tio n  a t 24 h o u r  in t e r v a ls .  L e s s  th an  5% d e c o m p o s itio n  
had o c c u re d  in  th is  p e r io d  o f t im e .
S e v e ra l d ilu te  so lu tio n s  (c a  10 ^M ) of c r y p to p y r r o le  w e re  
p re p a re d  in  d is t i l le d  w a te r  and th e ir  s ta b il i ty  m o n ito re d  as b e fo re .
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I t  w as  found th a t th e y  w e re  u n s ta b le . T h u s , an  aqueous so lu tio n
o f c r y p to p y r r o le  (4 x  10 ^ M ) k e p t  a t 25^C  show ed a f i r s t  o r d e r
d e c re a s e  in  c r y p to p y r r o le  c o n c e n tra tio n  w ith  a ra te  c o n s ta n t o f 
- 5  -18. 8 X 10 s and a h a l f - l i f e  o f  2 .7  h o u rs . A n  a tte m p t w as m a d e  
to  id e n t ify  th e  p ro d u c t(s ) o f th is  d e c o m p o s itio n  b y  re f lu x in g  a 
sa m p le  of c ry p to p y r r o le  w ith  w a te r  fo r  24 h o u rs . A  lig h t b ro w n  
p o w d e r w as  o b ta in e d  w h ic h  gave no m a s s  s p e c tru m  and no 
p o s it iv e  te s t  w ith  D M A B . I t  w as  m o s t p ro b a b ly  a p o ly m e r .  I r v in e  
et a l  (1 3 7 ) have  d e te c te d  d ic r y p to p y r r y l  e th e r  as one p ro d u c t fo rm e d  
d u rin g  c h ro m a to g ra p h y  but th e  c o m p le x ity  o f th e  c h ro m a to g ra m s  
w ould ten d  to in d ic a te  th a t th is  is  no t th e  o n ly  p ro d u c t fo rm e d  u n d e r  
th e s e  c o n d itio n s .
H o w e v e r , the  u . v .  s p e c tru m  o f c r y p to p y r r o le  in  0 . I M  H C I  
( 262  n m ) re m a in s  unchanged  fo r  m a n y  h o u rs  and c le a r ly
p ro to n a tio n  re n d e rs  the  com pound not s u s c e p tib le  to  h y d ro ly s is .
T h is  has been  c o n f irm e d  by m o n ito r in g  the s ta b il i ty  o f th e s e  
s o lu tio n s  w ith  a T M B  re a g e n t . A lth o u g h  F is c h e r  (1 4 4 ) has  
re p o r te d  th a t c ry p to p y r r o le  p o ly m e r is e s  in  a c id , th is  h as  not 
been c o n f irm e d  b y  la t e r  w o rk e rs  (2 2 , 25) and i t  is  now  thought 
to  f o r m  th e  s im p le  h y d ro c h lo r id e  s a lt in  H C I .
T h e r e fo r e ,  b as ed  on th e  in fo rm a t io n  g iv e n  ab o v e , i t  w ou ld  
a p p e a r th a t the m o re  s u b s titu te d  the p y r r o le  the  le s s  s tab le  a re  
i ts  aqueous s o lu tio n s . P ro to n a t io n  o f th e s e  p y r r o le s  (a t le a s t  
in  th e  c as es  o f c r y p to p y r r o le  and p o rp h o b ilin o g e n ) by d is s o lv in g  
th e m  in  r e la t iv e ly  w e a k  a c id  re n d e rs  th e m  r e s is ta n t  to  h y d ro ly t ic  
a tta c k .
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C o n c lu s io n s . -
T h e  p ro b le m s  in v o lv e d  in  the c l in ic a l  d e te rm in a t io n  
of both p o rp h o b ilin o g e n  and c ry p to p y r r o le  h a ve  b ee n  o u tlin e d  
ab o ve . S e p a ra t io n  o f th e s e  com pounds f r o m  o th e r  co m p o n en ts  
in  b io lo g ic a l f lu id s  can  be e ffe c te d  using c h ro m a to g ra p h y . I t  
has been  show n by H a e g e r -A ro n s o n  (155 )’ th a t r e c o v e r y  o f 
p o rp h o b ilin o g e n  f r o m  u r in e  u s in g  c o lu m n  c h ro m a to g ra p h y  w as  
g r e a te r  th a n  96% . I t  should  be n o te d , h o w e v e r , th a t e x te n s iv e  
c h ro m a to g ra p h y  o f aqueous c ry p to p y r ro le  s o lu tio n  should be 
a vo id ed  due to  the h y d ro ly t ic  la b i l i t y  o f th is  com pound  u n d e r th e s e  
c o n d it io n s .
T h e  q u a n tita tiv e  d e te rm in a t io n  o f c r y p to p y r r o le  is  
r e la t iv e ly  s t r a ig h t fo r w a r d . O nce th e  te s t s o lu tio n  has b e en  m a d e  
a c id ic  i t  is  s ta b le  f o r  a c o n s id e ra b le  t im e .  T h e  a c tu a l te s t  can  
be c a r r ie d  out u a in g  e ith e r  D M A B , T M B  o r  B D M A B , a l l  o f w h ic h  
g ive  s tab le  c o lo u re d  so lu tio n s  w hose o p tic a l d e n s ity  is  d ir e c t ly  
p ro p o r t io n a l to  the c ry p to p y r r o le  c o n c e n tra t io n . A t  th e  pH  of 
u rin e  ( 5 — > 8 .5 ) ,  h o w e v e r , c r y p to p y r r o le  is  found to be u n s ta b le .  
T h u s , a s u b s ta n tia l a m o u n t o f c ry p to  p y r r o le  m a y  w e ll  be lo s t  
b e fo re  th e  te s t  c an  be c a r r ie d  o u t. T h is  w ou ld  m e a n  th a t the  
am o u n t o f c r y p to p y r r o le  c a lc u la te d  to be in  an y  u r in e  s am p le  
m a y  o n ly  be a f r a c t io n  o f the to ta l  c r y p to p y r r o le  p ro d u c e d  b y  th e  
p a t ie n t .
In  c o n tra s t  to  th a t o f c r y p to p y r r o le ,  th e  d e te rm in a t io n  of 
p o rp h o b ilin o g e n  is  f a r  f r o m  e a s y . T h e  is o la t io n  o f p o rp h o ­
b ilin o g e n  is  s t ra ig h t fo rw a rd  and the te s t s o lu tio n  c an  be m ad e
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stab le  by ad ju 's ting  i ts  p H  to  c a  1 and s to r in g  i t  at 0 G .
H o w e v e r , no c o m p le te ly  s a t is fa c to ry  re a g e n t h as  b e e n  d e ve lo p e d  
fo r  its  q u a n tita t iv e  d e te rm in a t io n . U s in g  D M A B  d is s o lv e d  in  
h y d ro c h lo r ic  a c id  the  re a c t io n  is  fa s t  and the c o lo u r  o b ta in e d  
is  v e r y  u n s ta b le . 'M o d if ie d ' E h r l ic h 's  re a g e n t has th e  a d van tag es  
th a t th e  re a c t io n  is  s lo w e r  and, t h e r e fo r e ,  m o re  e a s ily  m o n ito re d ,  
and th e  c o lo u r  o b ta in e d  has a c e r ta in  d e g re e  of s ta b il i ty  (ra n g in g  
f r o m  3 to  15 m in u te s  dep en d in g  on th e  s a m p le ). T h e  d is a d v a n ta g e s  
o f th is  re a g e n t a r e  th a t the t im e  ta k e n  fo r  the a b s o rb a n c e  to  re a c h  
a m a x im u m  v a r ie s  f r o m  s a m p le  to  s a m p le , the  t im e  the m a x im u m  
a b s o rb a n c e  is  s ta b le  v a r ie s  f r o m  a fe w  m in u te s  up to  a t le a s t  15 
m in u te s  and the re a g e n t i t s e l f  is  u n s ta b le  o v e r  24 h o u rs . T h e  
m a in  ad van tag e  of th e  m e th o d  d eve lo p ed  b y  M a u z e r a l l  and G ra n ic k  
(1 2 4 ), in c o rp o ra t in g  th is  re a g e n t, is  th a t i t  h as  b een  u sed  
s u c c e s s fu lly  u n d e r 'e x p e r im e n ta l ' c o n d itio n s .
T h e  a p p a re n t a d v a n ta g e  in  u s in g  B D M A B  is  the  in c re a s e d  
s ta b il i ty  o f the  c o lo u r fo rm e d , a lth o u g h , as  w ith  the  above re a g e n t ,  
the le n g th  o f t im e  the  c o lo u r  is  s ta b le  v a r ie s  ( f r o m  10 up to  40  
m in u te s ) . D is a d v a n ta g e s  o f th is  re a g e n t in c lu d e  th e  n e c e s s ity  fo r  
h e a tin g  the  re s u lt in g  s o lu tio n  in  a w a te r  b ath  and th e  fa c t  th a t i t  
has not b een  used  in  an y th in g  o th e r  than 'id e a l '  te s t  c o n d itio n s .
T h e  B D M A B  re a g e n t is  m o re  s ta b le  th an  th e  'm o d if ie d ' E h r l ic h  
re a g e n t and w a s  found to  be s ta b le  fo r  at le a s t  a w e e k  w hen k e p t  
r e f r ig e r a t e d .
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E x p e r im e n ta l .  -
M a t e r i a l s . -  T h e  h y d ro c h lo r ic  a c id  used  w as  A n a la R  g ra d e .
T h e  4 -d im e th y la m in o b e n z a ld e h y d e  w as  p u rc h a s e d  and w as  
A n a la R  g ra d e . T r im e th o x y b e n z a ld e h y d e  w as  p u rc h a s e d  f r o m  
A ld r ic h  C h e m ic a l C o . and r e c r y s ta l l is e d  th re e  t im e s  f r o m  e th an o l 
b e fo re  u s e .
4 -D im e th y la m in o a c e to p h e n o n e  w as  p re p a re d  b y  m é th y la t io n  
of 4 -a m in o a c e to p h e n o n e  u s in g  the  m e th o d  S u z u k i and N a g a w a  
(1 4 5 ). D ip h e n y lc y c lo p ro p e n o n e  w as bought f r o m  K o c h -L ig h t  
and used  w ith o u t fu r th e r  p u r if ic a t io n .
A  s a m p le  o f 2 ,4 -b is (d im e th y la m in o )b e n z a ld e h y d e  w as  
p re p a re d  by th e  ro u te  o u tlin e d  in  S ch em e 13. 2 , 4 -D in it ro to lu e n e  
w as f i r s t  c o n v e rte d  to  2 -n it r o -4 -a c e ty la m in o to lu e n e  b y  the  
m eth o d  o f H i l l e r s  e t a l (14  6 ). T h e  a m id e  w as  th e n  c o n v e rte d  to  
2 , 4 -d ia m in o b e n z a ld e h y d e  b y  th e  m eth o d  o f R ic c i  (1 4 7 ) and f in a l ly  
N -m e th y la te d  u s in g  d im e th y l su lp h ate  to  g ive  th e  re q u ire d  com pound, 
A t stage 3) (S ch em e 13) no s o lid  p re c ip ita te  w as  o b ta in e d  on 
n e u tra lis a t io n  as found  b y  R ic c i  (147 ) but th is  n e u tra lis e d  re a c t io n  
m ix tu r e  on e x tra c t io n  w ith  m e th y le n e  c h lo r id e  y ie ld e d  a s ticky re d  
l iq u id  w h ic h  w a s  d is s o lv e d  in  a m in im u m  am o u n t o f b o ilin g  
m e th y le n e  c h lo r id e  and r e f r ig e r a t e d .  A f t e r  24 h o u rs  a y e llo w -  
w h ite  s o lid  w a s  p re c ip ita te d .  T h is  p ro v e d  to  be the  re q u ire d  
com pound and w a s  s u b se q u e n tly  r e c r y s ta l l is e d  f r o m  aqueous  
m e th a n o l.
S tage 6) (S chem e 13) w as  c a r r ie d  out as  fo l lo w s : -  
2 , 4 -d ia m in o b e n z a ld e h y d e  ( 1 .3 6  g) w as  s t i r r e d  u n d e r re f lu x  w ith  
a s o lu tio n  o f a n h y d ro u s  sod ium  c a rb o n a te  (30  g) in  w a te r  (80 m l ) .
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T o  th is  w a s  added d im e th y l su lphate  (30 g) d r  op w is e  o v e r  45  
m in u te s . T h e  s o lu tio n  w as  th e n  re f lu x e d  a f u r th e r  15 m in u te s ,  
a llo w e d  to  co o l and e x tra c te d  w ith  c h lo ro fo rm  (2  x  30 m l ) .  T h e  
c h lo ro fo rm  e x tra c ts  w e re  w a s h e d , d r ie d  and e v a p o ra te d  to  g ive  
the d e s ire d  p ro d u c t ( 1 ,3 5  g, 7 0 % ), T h is  can  be p u r if ie d  by  
d is t i l la t io n  (B .  P ^ ^  = 1 9 0 °C ) o r  b y  c h ro m a to g ra p h y  s im i la r  to  
th a t d e s c r ib e d  b e lo w .
R e a c tio n  b e tw e e n  1, 3 -b is (d im e th y la m in o )b e n z e n e  and a 
p h o s p h o ry l c h lo r id e /d im e th y lfo r m a m id e  s o lu t io n ,-
1, 3 -B is (d im e th y la m in o )b e n z e n e  w as p re p a re d  f r o m  1, 3 -  
d ia m in o b e n z e n e  by the  m e th o d  of T o r f  and K h r o m o v -B o r is o v  (14 8 ). 
T h is  w as  re a c te d  w ith  p h o s p h o ry l c h lo r id e /d im e th y lfo r m a m id e  
u n d e r tw o sets  o f e x p e r im e n ta l c o n d itio n s  le a d in g  to  the th re e  
p ro d u c ts , B D M A B , B D M A I and B D A D F B .
(a ) P h o s p h o ry l c h lo r id e  (2 6  g) w as added d ro p w is e  and w ith  
s t i r r in g  to  d im e th y lfo rm a m id e  (2 2  g) b e lo w  1 5 ° C . T o  th is  s t i r r e d  
so lu tio n  w as  added 1, 3 -b is (d im e th y la m in o )b e n z e n e  (8  g) d ro p w is e  
w ith  th e  te m p e ra tu re  b e ing  k e p t b e lo w  2 5 ° C . T h e  re s u lta n t  
so lu tio n  w as  th e n  s t i r r e d  fo r  2 h o u rs  a t 6 5 - 7 0 ° C , c o o led  and  
p o u re d  onto ic e  /  w a te r  (5 0 0  m l ) .  T h is  w as b a s id if ie d  (p H  1 0 — >11) 
by add ing  so d iu m  h y d ro x id e  so lu tio n  (3 0  g N a O H  in  70 m l  o f w a te r )  
d ro p w is e  w ith  v ig o ro u s  s t i r r in g .  T h e  m ix tu r e  w as  h e a te d  on a 
s te a m  b ath  fo r  10 m in u te s , co o led  and e x tra c te d  w ith  c h lo ro fo rm  
(3 X 100 m l ) .  T h e  o rg a n ic  e x tra c ts  w e re  w ash ed  w ith  w a te r  
(2 X 50 m l ) ,  d r ie d  o v e r  C a C l^  and e v a p o ra te d  to  g ive
90
2 , 4 -b is (d im e th y la m in o ) -3 ,  5 -d ifo rm y lb e n z a ld e h y d e  (B D A D F B ) ,  
T h is  w as  r e c r y s ta l l is e d  f r o m  a h e x a n e /e th y l a c e ta te  m ix tu re  to  
y ie ld  y e llo w  n e e d le s  ( m .p .  = 1 1 7 -1 1 9 ^ 0 , m /e  = 24 8 ), T h e  
n . m . r .  s p e c tru m , ta k e n  in  C D C l^ , showed th e  fo llo w in g  peaks  
( in te g ra l v a lu e s  in  b ra c k e ts )  r e la t iv e  to  T M S  -  3 .3 3  (1 2 ) , 8 . 1 3 
(1 ) ,  9 . 3 3  (1 ), 9 . 7 5 3  (2 ) .
A n a ly s is  -  c a lc u la te d  6 2 ,8 4 %  C , 6 .4 0 %  H , 1 1 .2 8  % N  
found  6 2 .5 7 %  G, 6 .5 8  % H ,  11 . 14 % N .
(b) P h o s p h o ry l c h lo r id e  (7 .  65 g) w as  added d ro p w is e  w ith  good 
s t i r r in g  to a m ix tu r e  o f 1, 3 -b is (d im e th y la m in o )b e n z e n e  ( 8 .2  g) 
and d im e th y lfo rm a m id e  (1 4 . 6 g) w ith  th e  te m p e r a tu r e  b e ing  k e p t  
b e lo w  1 0 °C . T h e  te m p e ra tu re  o f the s t i r r e d  m ix tu r e  w as a llo w e d  
to  r is e  to ro o m  te m p e ra tu re  o v e r  2 h o u rs  and s t i r r e d  a fu r th e r  ^ 
h o u r . I t  w a s  th e n  added to  ic e /w a t e r  (4 00  m l)  and b a s id if ie d  
(p H  10 — >11) b y  add ing  so d iu m  h y d ro x id e  s o lu tio n  (10 g N a O H  in  
25 m l of w a te r )  d ro p w is e  and w ith  v ig o ro u s  s t i r r in g .  T h e  
re s u lt in g  s o lu tio n  w as  h e a te d  on a s te a m  b a th  f o r  10 m in u te s , 
coo led  and e x tra c te d  w ith  c h lo ro fo rm  (3  x  75 m l ) .  T h e  o rg a n ic  
e x tra c ts  w e re  w a s h e d , d r ie d  o v e r  G a C l^  and e v a p o ra te d  to g ive  a 
s tic k y  l iq u id .  T h is  w as  d is s o lv e d  in  a l i t t le  c h lo r o fo rm  and  
a b s o rb e d  onto a 1 m e t r e  a lu m in a  c h ro m a to g ra p h y  c o lu m n  
p re p a re d  in  p e t ro le u m . E lu t io n  w ith  p e tro le u m  s p i r i t /e t h e r  
(5 0 :5 0 ) gave f i r s t  u n re a c te d  s ta r t in g  m a t e r ia l  and th e n  2 , 4 - b i s -  
(d im e th y la m in o )b e n z a ld e h y d e  (B D M A B ) as a y e llo w  b an d . A  
y e llo w  band of 2 , 4 -b is (d im e th y la m in o )is o p h th a la ld e h y d e  (B D M A I)  
s t i l l  re m a in e d  on the  c o lu m n  and th is  co u ld  be re m o v e d  p h y s ic a lly
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o r  by e lu tio n  w ith  a m o r e  p o la r  s o lv e n t.
2 , 4 -b is (d im e th y la m in o )b e n z a ld e h y d e , -  y ie ld  = 3 ,3  g (3 5 % ), m /e  = 192 
T h e  n . m . r .  s p e c tru m , ta k e n  in  C D C l^ , show ed the  fo llo w in g  
p eaks  ( in te g r a l  v a lu e s  in  b ra c k e ts )  r e la t iv e  to  T M S  -  2 ,8 5  J (6 ) ,
3 .0 0  3 (6 ) ,  6 .0 5  3 d o u b le t (1 ) , 6 ,2 5  3 q u a r te t  (1 ) ,  7 .6 0  3 do u b le t  
(1) and 9 .9 3  ( l ) .
\
A n a ly s is  -  c a lc u la te d  6 8 .7 2 %  G , 8. 39 % H , 14. 67 % N  
found 6 8 .9 3 %  G , 8 .3 3  % H , 1 4 .7 3  % N
N o te . -  B D M A B  is  b e s t s to re d  a t O^G s in ce  i t  w a s  found  to  u n d e rg o  
s low  d e c o m p o s itio n  a t ro o m  te m p e r a tu r e .  B e fo re  p re p a r in g  the  
s ta n d a rd  B D M A B  so lu tio n s  u sed  in  the  p y r r o le  te s ts  the  B D M A B  
can  be d is t i l le d  o r  m o re  c o n v e n ie n tly  d is s o lv e d  in  b o ilin g  
p e tro le u m  s p ir i t  (4 0 -  6 0 ^ G ), th is  so lu tio n  b e in g  f i l t e r e d  h o t. It 
w as found th a t the im p u r i ty  p ro d u c e d  in  d e c o m p o s itio n  w as  in s o lu b le  
in  th is  s o lv e n t. E v a p o ra t io n  o f th e  p e tro le u m  g iv e s  the B D M A B  
w h ic h  can  be used  in  th e  te s ts ,
2 , 4 -B is (d im e th y la m in o ) is o p h th a la ld e h y d e . -  y ie ld  = 2 . 5 g( 25% ),
m /e  = 2 2 0 , m .p .  = 1 2 3 - 125°G  ( f r o m  h e x a n e -e th y l a c e ta te  m ix tu r e ) .
T h e  n . m . r .  s p e c tru m , ta k e n  in  G D G l^ , show ed the  fo llo w in g
p eak s  ( in te g r a l  v a lu e s  in  b ra c k e ts )  r e la t iv e  to  T M S  -  3 .1 5  3 (6 ),
3 . 3 0 3  (6 ) ,  6 .4 5  3 d o u b le t (1 ), 7 .7 0  3 d o u b le t (1 ) ,  9 . 50 3 (1) 
and 9 .8 0 3  (1 ) .
A n a ly s is  -  c a lc u la te d  6 5 ,4 3  % G , 7 .3 2  % H , 1 2 .7 1  % N
found 6 5 .0 1  % G , 7 .0 8  % H, 1 2 .4 2  % N
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A tte m p te d  s y n th e s is  o f 2 , 4 -b is (d im e th y la m in o )a c e to p h e n o n e  
(B D M A A ) . -
1, 3 -B is (d im e th y la m in o )b e n z e n e  w as  p re p a re d  by the  
m eth o d  re p o r te d  p re v io u s ly  (14 8 ) and v a r io u s  a tte m p ts  a t 
a c y la t io n  o f th is  com pound w e re  m ade: -
(a ) a c y la t io n  w as  a tte m p te d  u s in g  the  m e th o d  of B o u rn e  e t a l  
(1 49 ) w ith  th e  fo llo w in g  q u a n tit ie s  : 1, 3 -b is (d im e th y la m in o )b e n z e n e  
(1 . 64 g), a c e tic  a c id  (0 . 9 g) and t r i f lu o r o a c e t ic  a n h y d rid e  ( 4 ,2  g ). 
T h e  m a s s  s p e c tru m  and the n . m . r .  s p e c tru m  o f th e  re s u lt in g  
p ro d u c t in d ic a te d  th a t th is  w as  e s s e n t ia lly  a l l  u n re a c te d  s ta r t in g  
m a t e r ia l .
(b) th e  above e x p e r im e n t  w as  c a r r ie d  out in  an  ic e /w a t e r  
b a th  but a g a in  no re a c t io n  to o k  p la c e  .
(c ) the  a b o v e  re a c t io n  m ix tu r e  w as  h e a te d  in  a w a te r  bath
at 5 5 -6 0  C f o r  9 h o u rs . T h e  m a s s  s p e c tru m  and n . m . r .  s p e c tru m  
of th e  p ro d u c t show ed i t  to  be a m ix tu r e  o f th e  t r i f lu o r o a c e ty l  
com pound and s ta r t in g  m a t e r ia l .
(d) u n d e r  th e  e x p e r im e n ta l c o n d itio n s  in  (c) b u t w ith  o n ly  
0 .5  g of t r i f lu o r o a c e t ic  a n h y d rid e  th e  o n ly  p ro d u c ts  w e re  a re d u c e d  
y ie ld  of the t r i f lu o r o a c e ty l  com pound and s ta r t in g  m a t e r ia l .
(e ) w ith  a c e tic  a n h y d r id e  in  p la c e  o f t r i f lu o r o a c e t ic  
a n h y d rid e  and w ith  th e  re a c t io n  m ix tu r e  b e in g  h e a te d  in  a w a te r  
b a th  a t 7 0 -8 0 ° C  fo r  40  h o u rs , o n ly  a t r a c e  am o u n t o f the re q u ire d  
p ro d u c t w as  e v id e n t in  th e  m a s s  s p e c tru m  of th e  re s u lt in g  p ro d u c t  
m ix tu r e .
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( f )  1, 3 -b is (d im e th y la m in o )b e n z e n e  (0 ,8 4  g) w as  added to  
a m ix tu re  of a c e tic  a n h y d rid e  ( 1 .0 2  g) and z in c  c h lo r id e  ( 2 .7 5  g) 
and th e  w h o le  re f lu x e d  fo r  6 h o u rs . Is o la t io n  o f th e  re a c t io n  
p ro d u c t as in  (a ) w a s  c a r r ie d  out but th e  m a s s  s p e c tru m  
in d ic a te d  th a t o n ly  a t r a c e  a m o u n t o f the  re q u ire d  com pound w as  
p re s e n t ,
(g) as  f o r  (f) bu t w ith  re f lu x in g  fo r  30 h o u rs  re s u lte d  in  
o n ly  a s m a ll q u a n tity  of p ro d u c t b e in g  fo r m e d .
(h) 1 , 3 -b is (d im e th y la m in o )b e n z e n e  (0 .8 4  g) w as  added  to  a  
m ix tu r e  o f a c e t ic  a n h y d rid e  ( 1 .0 2  g) and a lu m in iu m  c h lo r id e  ( 2 .7  g) 
in  15 m l  o f c a rb o n  te t r a c h lo r id e  and re f lu x e d  f o r  6 h o u rs . O n ly  
u n re a c te d  s ta r t in g  m a t e r ia l  w as  found ,
(i)  as fo r  (h ) b u t w ith  n itro b e n z e n e  as s o lv e n t, the re a c t io n  
m ix tu r e  b e in g  h e a te d  a t 100°G  f o r  6 h o u rs . H o w e v e r , o n ly  a t r a c e  
a m o u n t o f th e  re q u ir e d  p ro d u c t Was found .
A n  a tte m p t to  m a k e  the  above com pound (B D M A A ) w as  
m ad e  b y  f i r s t  n it r a t in g  4 -d im e th y la m in o a c e to p h e n o n e  (D M A A ) w ith  
subsequent re d u c tio n , and N -m é th y la t io n  of an y  n it r o  groups  
in tro d u c e d . H o w e v e r , u s in g  th e  e x p e r im e n ta l c o n d itio n s  d e s c r ib e d  
b e lo w  the  in i t ia l  n i t r a t io n  fa i le d .
(a) D M A A  ( 2 ,5  g) w as  added v e r y  s lo w ly , w ith  s t i r r in g ,  to fu m in g  
n i t r ic  a c id  (6  m l)  a t O^G and th e  m ix tu r e  s t i r r e d  fo r  1 h o u r at 
1 0 ° G . T h is  w as  th e n  added to  ic e /w a t e r  and a y e llo w  p r e c ip ita te  
w as c o lle c te d . T h is  w a s  fo und  to  be u n re a c te d  s ta r t in g  m a t e r ia l .  
T h e  re m a in in g  aqueous so lu tio n  w as  e x tra c te d  w ith  c h lo ro fo rm  but 
a g a in  no n it ro -c o n ta in in g  com pound w as  found  in  th e s e  e x t r a c ts .
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(b) as fo r  (a ) bu t w ith  th e  re a c t io n  m ix tu r e  b e in g  s t i r r e d  fo r  5 
h o u rs  a t 7 0 - 7 5 ° C .  A g a in  no n itro -c o n ta in in g  com pound w as  
fo u n d .
(c) D M A A  ( 2 .5  g) w as  d is s o lv e d  in  c o n c e n tra te d  s u lp h u ric  a c id  
(4 m l)  g iv in g  a y e llo w  s o lu tio n . T h is  w as  added d ro p w is e , w ith  
s t i r r in g ,  to  a  m ix tu r e  o f fu m in g  n i t r ic  a c id  (4 m l)  and c o n c e n tra te d  
s u lp h u ric  a c id  (2  m l)  a t 0 ° C . T h e  re s u lt in g  s o lu tio n  w as  s t i r r e d  
fo r  1 h o u r  a t lO ^C  and th e n  p o u re d  onto ic e /w a t e r .  T h e  
re s u lt in g  p r e c ip ita te  w as  found  to be s ta r t in g  m a t e r ia l .
(d) as fo r  (c ) but w ith  th e  re a c t io n  m ix tu re  b e in g  s t i r r e d  fo r  7 
h o u rs  a t 7 0 -7 5 ^ C . A g a in  o n ly  s ta r t in g  m a t e r ia l  w a s  fo u n d .
(e) as fo r  (c ) and (d) but w ith  D M A A  ( 2 .5  g) b e in g  d is s o lv e d  in  
g la c ia l  a c e tic  a c id  (4 m l)  and th is  b e in g  added  to  a m ix tu r e  of 
fu m in g  n i t r ic  a c id  (3  m l)  and c o n c e n tra te d  s u lp h u ric  a c id  (3 m l ) .  
T h e  re q u ire d  p ro d u c t w as  no t o b ta in ed  in  e ith e r  c a s e .
A  f u r t h e r  a t te m p t to  p r e p a re  B D M A A  w as  m a d e  b y  
a tte m p tin g  to  c o u p le  the a c id  c h lo r id e  o f 2 - n i t r o - 4 - a m in o b e n zo ic  
a c id  w ith  e th o x y m a g n e s iu m m a lo n ic  e s te r  to  g ive  2 - n i t r o - 4 -  
a m in o a ce to p h e n o n e  w ith  the in te n tio n  o f re d u c in g  th e  n it r o  g roup  
and f in a l ly  m e th y la t in g  th e  re s u lt in g  a m in o  g ro u p .
2 -N it r o -4 -a m in o b e n z o ic  a c id . -  2 -n it r o -4 -a c e ty la m in o to lu e n e  
(10  g) w a s  added to  a s o lu tio n  o f p o ta s s iu m  p e rm a n g a n a te  (20  g) 
in  w a te r  (750  m l)  and re f lu x e d  f o r  6 h o u rs . T h e  m ix tu r e  w as  
f i l t e r e d  h o t, a llo w e d .to  c o o l and r e f i l t e r e d  to  re m o v e  any u n re a c te d  
s ta r t in g  m a t e r ia l .  T h e  f i l t r a t e  w as  then  c o n c e n tra te d  to  about 
100 m l  ad  a c id if ie d  c a r e fu l ly  w ith  c o n c e n tra te d  h y d ro c h lo r ic  a c id
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to  p r e c ip ita te  th e  p ro d u c t. T h is  w as  r e c r y s ta l l is e d  f r o m  
w a te r  w ith  a l i t t l e  added e th a n o l to  g ive  y e llo w -o ra n g e  n e e d le s  
(7 g, 72% ), m .p .  2 3 5 - 2 3 6 ° G ( l i t .  2 3 9 °G  (150 ) ) .
T h e  co u p lin g  of the  a c id  c h lo r id e  o f the  above  a c id  and  
e th o xym ag n e  s iu m m a lo n ic  e s te r  w as  a tte m p te d  u s in g  the  m e th o d  
of A tk in s o n  and B id d le  (1 5 1 ) in  w h ic h  th e  e s te r  is  g e n e ra te d  in  
the re a c t io n  m ix t u r e .  W h e n  th is  fa i le d , h o w e v e r , i t  w as  d e c id ed  
to  m a k e  the  e s te r  s e p a ra te ly  and re a c t  th is  w ith  th e  a c id  c h lo r id e  
in  d io xa n e  w h ic h  is  th e  m o r e  c o m m o n  m e th o d  fo r  c a r r y in g  out 
th e s e  c o u p lin g s . T h e  e s te r  w a s  p re p a re d  as a w h ite  s o lid  u s in g  
a l i t e r a t u r e  m eth o d  (1 5 2 ) but a g a in  w hen  th is  w as  re a c te d  w ith  the  
a c id  c h lo r id e  th e  s y n th e s is  fa i le d .  The m o s t p ro b a b le  cau se  o f 
th is  f a i lu r e  w as th e  h ig h  r e a c t iv i t y  o f th e  a c id  c h lo r id e  w h ic h  
re c o n v e r te d  to  th e  a c id  v e r y  q u ic k ly  on c o m in g  in to  c o n ta c t w ith  
a i r .
F in a l ly  an a tte m p t w a s  m a d e  to  s y n th e s is e  2 ,4 ,  6 - t r i n i t r o -  
acetophenone w ith  the  in te n tio n  o f re d u c in g  th e  n i t r o  g roups and  
m e th y la t in g  the  re s u lt in g  a m in o  g ro u p s . 2, 4 , 6 -T r in it r o e th y lb e n z e n e  
w as p re p a re d  u s in g  a l i t e r a t u r e  m e th o d  (153 ) bu t w h en  the  o x id a tio n  
of th is  w as  a tte m p te d  u s in g  th e  m e th o d  of A d o lp h  e t a l (154 ) o n ly  
u n re a c te d  s ta r t in g  m a t e r ia l  w as  o b ta in ed  f r o m  th e  re a c t io n  
m ix tu r e .
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A p p e n d ix  1 
A c id -b a s e  c a ta ly s is
A c id s  and b a se s  c a ta ly s e  m a n y  re a c tio n s  in  w h ic h  th e y
a re  n o t c o n s u m e d . I f  the r a te  of d is a p p e a ra n c e  o f a substance
S (c a lle d  the  s u b s tra te  o f th e  c a ta ly t ic  re a c tio n ) is  f i r s t  o r d e r  in
S; -  d [S 1 /d t = k  , [ S I .  T h e  f i r s t  o r d e r  ra te  c o n s ta n t k  , fo r  the  obs '• ** obs
re a c t io n  in  a b u ffe r  s o lu tio n  m a y  be a l in e a r  fu n c tio n  of [H ^  ],
[O H  ] , [ H A ]  and [A  ], w h e re  H A  is  the w ea k  a c id  in  th e  b u f fe r  
and A  is  th e  c o rre s p o n d in g  a n io n .
L b s  = ] + L h -  ] + L a  ] + L -  ] W
In  th is  e q u a tio n  k ^  is  th e  f i r s t  o r d e r  r a te  c o n s ta n t fo r  the  
u n c a ta ly s e d  re a c t io n  and ^ q H “ ’ ^ H A  ^ A “ the
s o -c a lle d  c a ta ly t ic  c o e f f ic ie n ts . I f  o n ly  the  t e r m  k ^ ^  [H  ] is  
im p o r ta n t  th e  re a c t io n  is  s a id  to  be s p e c if ic a l ly  h y d ro g e n -io n  
c a ta ly s e d  w h e re a s  i f  bo th  th is  t e r m  and th e  t e r m  k ^ ^  [H A  ] a re  
im p o r ta n t  th e  re a c t io n  is  sa id  to  be su b jec t to  g e n e ra l a c id  
c a ta ly s is .  S im i la r ly  i f  the t e r m s  k ^ ^ _  [O H  ] and k ^ _  [A  ] a re  
im p o r ta n t  th e  re a c t io n  is  sa id  to  be s u b je c t to  g e n e ra l base  
c a ta ly s is .
In  a c id  s o lu tio n  i t  is  a s s u m e d  th a t [O H  ] and [A  ] a re  
v e r y  s m a ll and th e r e fo r e  th e  te r m s  k ^ ^ _  [O H  ] and k ^ _  [A  ] in  
e q u a tio n  ( l )  can  g e n e ra lly  be ig n o re d  and the re s u lt in g  eq u atio n  
is  th a t f o r  g e n e ra l a c id  c a ta ly s is :
^obs " ^ o  ^ H +  ' 3 + ^ h A
B y  s u ita b ly  v a ry in g  th e  c o n d itio n s  u n d e r w h ic h  th e  re a c t io n
is  c a r r ie d  out the  te r m s  k  , k^^i and k,^ . can  be  e v a lu a te d . T h u s ,o H ^  H A
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by v a ry in g  [ H A ]  a L c o n s ta n t p H  i t  is  p o s s ib le  to  o b ta in  a s e r ie s
of k  v a lu e s  w h ic h  w hen  p lo tte d  a g a in s t [ H A ]  g iv e  a s tra ig h t  obs + -l in e  w hose g ra d ie n t  e q u a ls  k ^ ^ .  I t  is  th e n  p o s s ib le  to  v a r y  [H  ]
and o b ta in  a n o th e r set o f k  , v a lu e s . A  g rap h  ofobs
^ ^ o b s '^ H A  v e rs u s  [H  ] w i l l  be l in e a r  w ith  a s lope eq u a l
to  k ^ +  and an  in te r c e p t  e q u a l to  k ^ .
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Appendix 2
S w in b o u rn e -K e z d y  m eth o d  fo r  th e  d e te rm in a t io n  o f a f i r s t - o r d e r
ra te  c o n s ta n t (k)
I t  is  o ften  im p ra c t ic a b le  to  m e a s u re  th e  in i t ia l  c o n c e n tra t io n
o r  c o n c e n tra t io n  a f t e r  ' in f in i t e ' t im e  o f a re a c ta n t d u rin g  a
k in e t ic  study and so o u tlin e d  b e lo w  is  a m e th o d  w h ic h  o v e rc o m e s
th es e  p ro b le m s .
C o n s id e r  a f i r s t - o r d e r  r e a c t io n  of w h ic h  o b s e rv a tio n s
(x , X , X   X . . .  ,Xpo ) a re  ta k e n  at t im e s  (t  , t  , t  . . . . t  . . . .  t ^ )V 1  ^ n  U i ^ n
F o r  a re a d in g  (x^ ) ta k e n  a t  (t^ )
= (xo j exp ( - k t j  (1 )
N o w  c o n s id e r  a second s e r ie s  o f o b s e rv a tio n s  (x  , x '  , x l
. . . .  x '  . . .  X ^  ) ta k e n  a t t im e s  (t,^, t ,  + A t , t„ + A t ,  . . . . t  + A t .  . . n 0 1 2 n
• lex?) w h e re  A t  is  a s m a ll ,  c o n s ta n t t im e  in t e r v a l .
F o r  a re a d in g  (x ^ ) ta k e n  a t t im e  (t^ + A t)  
i ^ o o  -x ^ )  = ( x ^  -X q ) exp [ - k ( t ^ + A t ) ]  (2)
D iv id in g  (1) by (2) and r e a r r a n g in g  g ive s  
(xoo - x j  exp  ( k t j  = ( x ^  -x ^ )  exp  [k (t^ + A t) ] (3)
T h e r e fo r e ,  
x ^  = X [ l - e x p ( k A t )  ] + x ^  exp (k A t)
A  s tra ig h t  lin e  is  o b ta in e d  w hen  p lo tt in g  the o b s e rv e d  
re a d in g s  in  the f i r s t  s e r ie s  (x^) a g a in s t th e  c o rre s p o n d in g  re a d in g s  
in  the  second s e r ie s  (^ )>  a t^id the  r a te  c o n s ta n t (k) of the re a c t io n  
c an  be e v a lu a te d  f r o m  the  lo g  o f the slope o f the l in e .
F o r  t  -  p o  , x ^  = x ^  = X ^  and th e re fo re  x  ^  is  the
p o in t on the  l in e  a t w h ic h  x ^  and x ^  a re  e q u a l. A ls o , i f  th e  t im e
of c o m m e n c e m e n t o f the  re a c t io n  is  kn o w n  i t  is  p o s s ib le  to
0 ’ r  2 ’ I
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e x tra p o la te  b a ck  a lo n g  th e  l in e  and fin d  th e  c o rre s p o n d in g  v a lu e  
of X q .
T h e  fo llo w in g  fe a tu re s  shou ld , h o w e v e r , be noted w hen  
e m p lo y in g  th is  m e th o d  f
(1) re a d in g s  ta k e n  to w a rd s  th e  end of the  re a c t io n  a re  
'te le s c o p e d ' on the  g ra p h  and , t h e r e fo r e ,  a r e  w e ig h te d  le s s  th a n  
e a r l i e r  re a d in g s .
(2) the d a ta  should be re c o rd e d  o v e r  a p e r io d  o f t im e  g r e a te r
th a n  t]^ (the h a l f - l i f e  of th e  re a c tio n ) and p r e fe r a b ly  g r e a te r  th an  
2
tw ic e  th is  p e r io d . T h e  t im e  in te r v a l  A t  should  be in  the ra n g e
0 .5  t i  t i .
2 2
(3) the m eth o d  is  r e la t iv e ly  in s e n s it iv e  to d e v ia tio n s  f r o m  the  
s t r ic t  f i r s t - o r d e r  la w , so an  in d e p en d en t ch e ck  o f th is  is  
a d v is a b le .
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A p p e n d ix  3
L in e a r is e d  r a te  e q u a tio n s  and re la x a t io n  t im e s
I t  is . found th a t th e  r a te  of d is a p p e a ra n c e  o f a (s m a ll)  
d if fe re n c e  b e tw e e n  th e  a c tu a l and e q u il ib r iu m  c o n c e n tra tio n s  
of a co m p o n en t in  a fa s t  re a c t io n  is  p ro p o r t io n a l to  th is  
d if fe re n c e  i t s e l f .  T h e  r e c ip r o c a l  of the  p r o p o r t io n a lity  fa c to r  
has th e  d im e n s io n s  o f t im e  and is  c a lle d  th e  re la x a t io n  t im e  ( t  )•  
F o r  a s in g le -s te p  re a c t io n  (o f a r b i t r a r y  o r d e r ) ,  th e  
l in e a r is e d  ra te  can  be g e n e ra lly  e x p re s s e d  as
^ d t  + (1)
in  w h ic h  x . and x . a r e  d e fin e d  as c o n c e n tra tio n  d if fe re n c e s  o f a 1 1
re a c t in g  s p e c ie s  i .  x . = C ^ -G °  is  th e  d if fe re n c e  b e tw e e n  the  
a c tu a l c o n c e n tra t io n  C. and a t im e -in d e p e n d e n t re fe re n c e  v a lu e  
C °  ( ie  the c o n c e n tra t io n  b e lo n g in g  to re fe re n c e  e x te rn a l  
c o n d it io n s ). x . = Q  -  C ° is  th e  c o rre s p o n d in g  d if fe re n c e  b e tw e e n  
th e  (p o s s ib ly  t im e -d e p e n d e n t)  e q u il ib r iu m  c o n c e n tra tio n  and  
the re fe re n c e  v a lu e  G ° .  E q u a tio n  (1 ) is  v a lid  o n ly  u n d e r the
co n d itio n s
^ i  " ^ i  ^ i
F  o r the  e x a n p le  
k
A  + B
^ - 1
the  c o m p le te  r a te  e q u a tio n  is  g iven  by 
-d C  -d C  d C
B y  u s in g  the above d e fin it io n s  o f x^ and x .
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^ A "  ^ A + - I
° B = + L S + L
+ " c
L = - L y = - L
(4)
F o r  s m a ll d if fe re n c e s  (x . -  x^)
+  L  -  +  L  -  b^)
In  the  s itu a tio n  w h e re  B is  b u ffe re d , w h ic h  is  the  s itu a t io n  
e n c o u n te re d  in  C h a p te r  2 (B  = D M A B ) ,  x ^  0 .
E q u a tio n  (5 ) th e n  re d u c e s  to
B ( 6)
k  = k ^ C ^ C g  re p re s e n ts  th e  e q u il ib r iu m  c o n d itio n .
^ / d t +  ]X ^  = [ k .  1 + ( k ,C  (7)
T h u s , 
dx
/ X rv j./'v r ’ \ Iv  -  fv j- A  r,  ^
w h ic h  is  e q u iv a le n t to  e q u a tio n  1 w ith
^/ - r  = [k _ j  + k j G g ]  (8)
S in ce  th e  re la x a t io n  t im e  is  in v e rs e ly  p ro p o r t io n a l to  
th e  e x p e r im e n ta lly  d e te rm in e d  r a te  co n stan t ' e q u a tio n  (8)
can  be r e w r i t t e n  as
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A p p e n d ix  4 
A c id ity  F u n c tio n s
S in ce  th e  A r r h e n iu s  th e o ry  o f e le c t r o ly t ic  s o lu tio n s  w as  
p ro p o s e d  the  n o rm a l m e a s u re  of a c id ity  has b een  h y d ro g e n -io n  
c o n c e n tra tio n  o r  a c t iv i ty .  A lth o u g h  th e s e  q u a n tit ie s  le a d  to  
s u ff ic ie n t ly  a c c u ra te  re s u lts  in  d ilu te  aqueous s o lu tio n s , in  
c o n c e n tra te d  so lu tio n s  o r  in  n o n -aq u eo u s  so lv en ts  re s u lts  c a lc u la te d  
u s in g  th e s e  'a c id ity ' m e a s u re m e n ts  tend to  have  s iz e a b le  e r r o r s .
I t  is ,  th e r e fo r e ,  d e s ira b le  to  h a ve  a m o re  u n iv e r s a l  m e a s u re m e n t  
of a c id ity  w h ic h  can  be a p p lie d  to  a w id e r  ran g e  of s itu a tio n s .
A c id ity  fu n c tio n s , b ased  on the p ro to n a tio n  o f c e r ta in  
b a s ic  in d ic a to rs , a re  found to  have  ju s t  such p r o p e r t ie s .  A s  
opposed to  m e a s u r in g  some fo r m  of h y d ro g e n -io n  c o n c e n tra tio n  in  
so lu tio n , th e s e  fu n c tio n s  m e a s u re  th e  te n d e n c y  of any g iv e n  
s o lu tio n  to  donate  a p ro to n  to  a b a s e . T h is  is  a p a r t ic u la r ly  u s e fu l 
q u a n tity  in  c h e m ic a l k in e t ic s  w h e re , in  m a n y  c a s e s  of a c id  
c a ta ly s is ,  th e  in i t ia l  p ro c e s s  is  t r a n s fe r  o f a p ro to n  f r o m  s o lven t  
to  b a s e .
T h e  p ro to n a tio n  of a b a s e  can  be w r i t te n  as
B + BH"^ (1 )
^ B H +w h e re  = ------------  (2 )
and K  = (3)
^ ^ B H +
w h e re  a re p re s e n ts  the  a c t iv i ty  o f the  s p e c ie s . 
E q u a tio n  (3) c an  be w r i t t e n  as
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B
w h e re  f  re p re s e n ts  th e  a c t iv i ty  c o e ff ic ie n t  o f the  s p e c ie s . 
T h e r e fo r e ,
IX* I ■ X. iS {ïf C)
In  d ilu te  c o n c e n tra tio n s  the  a c t iv i ty  c o e ff ic ie n ts  ten d  to  
u n ity  and th e r e fo r e  e q u a tio n  (5 ) can  be e x p re s s e d  as
[h '*'] = U rn  K  (6 )
t H j ^ O  ^
T h e r e fo r e
- lo g  ] = p H  = p K ^  -  lo g  (7)
T h is  a rg u m e n t c a n  be ex ten d ed  to  c o n c e n tra te d  so lu tio n s
and by a n a lo g y  the  a c id ity  fu n c tio n  H ^  f o r  a n e u tra l base (B ) is
d e fin e d  by ^
H o  = PK ^ -  lo g  (8)
+S im i la r ly  f o r  s in g u la r ly  c h a rg e d  b a s e s  B and B
H +  = P ^ a  -  (9)
and H ^ = p K ^  -  lo g  (10)
E q u a tio n  (8) ca n  be w r i t t e n  as
L+ LH = -log 7^ - ^  (11)
I t  is  c le a r  f r o m  th is  e q u a tio n  th a t the v a lu e  of H ^  w i l l  
be in d ep en d en t o f the base u sed  o n ly  i f  the  r a t io  o f f ^  to  
has th e  s am e  v a lu e  fo r  a l l  b ases  in  any g iven  m e d iu m . A lth o u g h  
th is  is  n o t g e n e ra lly  t r u e ,  i t  is  fo r  aqueous so lu tio n s  o f the  fo u r
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stro n g  a c id s , s u lp h u r ic , p e r c h lo r ic ,  h y d ro c h lo r ic  and 
n i t r i c . F r o m  e q u a tio n  (11 ) i t  is  a ls o  obv ious  th a t fo r  d ilu te  
s o lu tio n s , w h e re  f ^  and tend  to  u n ity , th a t is  e x a c tly
e q u iv a le n t to  p H . A  c o n v e n ie n t fu n c tio n  r e la te d  to  H ^  is  h ^ , 
d e fin e d  b y  the  eq u a tio n
H ^  = - lo g  h^ (12 )
T o  m e a s u re  H ^  both  th e  r a t io  [B H  ] /- [B  ] and the
pK  m u s t be d e te rm in e d . T h e  r a t io  [ B H ^ ] /  [B  ] is  c a lle d
the in d ic a to r  r a t io  ( I ) .  A  s im p le  b a s ic  in d ic a to r  is  m e r e ly  a
m o n o a c id ic  b ase  w hose  io n is a t io n  is  a c c o m p a n ie d  b y  a change in
l ig h t  a b s o rp tio n  n o r m a l ly  in  th e  v is ib le  re g io n . T h is  change in
a b s o rp tio n  p ro v id e s  a m e a n s  o f d e te rm in in g  the in d ic a to r  r a t io .
T h u s  '
[ B H I - t -  5 b  -  C (1 3 ) I
Ï ’ - L .  i
f *w h e re  is  th e  e x t in c t io n  c o e ff ic ie n t  at a g iv e n  w a v e le n g th  |
of a s o lu tio n  c o n ta in in g  th e  base, e n t ir e ly  in  th e  n o n -p ro to n a te d  j
.A
f o r m . L  is  th e  e x t in c t io n  c o e ff ic ie n t  o f a s o lu tio n  c o n ta in in g  j
the  base e n t ir e ly  in  th e  p ro to n a te d  fo r m  and 6  is  the e x t in c t io n  !
c o e ff ic ie n t  o f a s o lu tio n  in  w h ic h  th e  base is  p a r t ly  p ro to n a te d , j
I t  should be n o ted  th a t th e  base  c o n c e n tra t io n  should  be  
s u ff ic ie n t ly  lo w  so th a t th e  B e e r - L a m b e r t  la w  is  a p p lic a b le  and !
to e n s u re  th a t i t  does no t change the a c id  c o n c e n tra t io n  |
I
s ig n if ic a n t ly . i
F r o m  e q u a tio n  (4 ) |
- lo g  = p K ^  = !
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S in ce  th e  in d ic a to r  c o n c e n tra tio n  is  a lw a y s  e x tr e m e ly  lo w  
eq u atio n  (14 ) b e c o m e s  e q u iv a le n t to
pK  = l im
[ A ] - ^ 0
(15 )
w h e re  [A ] is  th e  a c id  c o n c e n tra t io n .
F o r  a s tro n g  a c id  [H  ] is  found  f r o m  th e  r e la t io n
[A ] = -Eh '''] + [B H + ] (16 )
T h u s , f o r  a d ilu te  aqueous s o lu tio n  o f a s tro n g  a c id  the  
pK ^ v a lu e  can  be d e te rm in e d  f r o m  th e  o b s e rv e d  v a lu e s  o f [A ] and I .
F o r  w e a k  b a s e s  th is  typ e  o f d ir e c t  m e a s u re m e n t of pK^  
v a lu e s  cannot be  c a r r ie d  out and a s te p -w is e  a p p ro a c h  m u s t be 
u sed  u s in g  tw o  d if fe r e n t  b a ses  (B  and C ) in  th e  s am e  s o lu tio n .
T h u s
^C^BH+
P L h + - P'^ BH+ = W b (1 7 )
F o r  b ases  w h ic h  a r e  s t r u c tu r a l ly  s im i la r  i t  is  found th a t th e  
la s t  t e r m  in  e q u a tio n  (17 ) can  be n e g le c te d  in  aqueous s o lu tio n . 
T h e r e fo r e ,  p ro v id e d  B and C have io n is a tio n  co n s ta n ts  s u f f ic ie n t ly  
c lo s e  to g e th e r  to en ab le  both  in d ic a to r  ra t io s  to  be m e a s u re d  w ith  
good p re c is io n  in  the  sam e s o lu tio n , th e  d if fe re n c e s  in  th e  pK ^  
v a lu e s  can  be d e te rm in e d  u s in g  e q u a tio n  (1 7 ) . T h is  m e th o d  can  
be exten d ed  to  in c lu d e  any o th e r  in d ic a to r  (D ) w hose  io n is a t io n  
o v e r la p s  th a t o f e i th e r  B o r  C . N o w , i f  any o f the  p K ^  v a lu e s  o f 
th e se  in d ic a to rs  can  be m e a s u re d  d ir e c t ly  by  th e  m e th o d  d e s c r ib e d
p re v io u s ly  th e n  the  p K ^  v a lu e s  o f th e  o th e r  in d ic a to rs  can  be fo u n d .
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T h e  in i t ia l  v a lu e s  w e re  d e te rm in e d  u s in g  
s u b s titu te d  a n il in e s  a a  th e  bases  but th is  has su b s eq u e n tly  
b ee n  e x ten d ed  to  a w id e  ra n g e  o f b as es  w ith  a c o rre s p o n d in g  
ra n g e  o f d if fe r e n t  a c id ity  s c a le s  b e in g  g e n e ra te d .
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A p p e n d ix  5
T h e  d e r iv a t io n  o f th e rm o d y n a m ic  fu n c tio n s  f r o m  k in e t ic  da ta
F  ro m  th e  A r r h e n iu s  e q u a tio n ,
- E / R Tk  = A  exp
(w h e re  A  is  th e  e x p o n e n tia l fa c to r  in  u n it  & o f k ) ,  a p lo t  o fI
lo g  k  v e rs u s  y ie ld s  E  (w h e re  a l l  te m p e ra tu re  v a lu e s  a r e  in  
u n its  o f K e lv in ) ,  the A r r h e n iu s  e n e rg y  o f a c t iv a t io n  (c a l  m o l ^), 
f r o m  the  re la t io n s h ip
E  = - 4 .5 7 6  X s lo p e .
S im i la r ly ,  the  e n th a lp y  o f a c t iv a t io n  (c a l m o l ^) is  found
f r o m
A h *  = E - R T
w h e re  T  is  ta k e n  as  a m e a n  v a lu e  o v e r  the  ra n g e  s tu d ie d . T h e  
e n tro p y  o f a c t iv a t io n , A S *  (c a l m o l ^d eg ree   ^ o r  e n tro p y  u n its ) ,  
m a y  be d e te rm in e d  f r o m  the  re la t io n s h ip ,
A S *  = 4 .5 7 6  lo g  (k /.p )  + ( E / ^ )  .  4 9 .2 2
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